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ABSTRACT 
 
 
Tributyl phosphate (TBP) is used as an extractant in the Plutonium and Uranium 
Reduction Extraction (PUREX) process, as well as the Aqueous Chloride Process for 
Plutonium (Pu) recovery.  These processes use nitric acid and hydrochloric acid, 
respectively. After nuclear reprocessing, TBP may be degraded in the Alkaline 
Hydrolysis Process using >12.5 M NaOH at 120-130 oC.  TBP degrades to dibutyl 
phosphate (DBP), monobutyl phosphate (MBP), butanol, and phosphoric acid during 
hydrolysis. The goal of this dissertation is to use carbon stable isotopes to determine if 
there is a unique signature in TBP associated with nuclear reprocessing and solvent 
disposal. Acid hydrolysis experiments were performed for a three month period to 
determine if a fractionation in the carbon stable isotope of TBP exists over time. Alkaline 
hydrolysis experiments were also performed to simulate the solvent disposal process used 
to degrade TBP. Theoretical calculations predicting the carbon and oxygen stable isotope 
fractionations through use of ab initio methodology were performed and compared with 
experimental values. In addition, this work developed a semi-quantitative tool to 
determine the extent of TBP degradation as it is exposed to nitric acid and sodium 
hydroxide. The semi-quantitative tool involved the quantification of peak intensity ratios 
using FTIR-ATR spectroscopy. Another component of this work included solid phase 
extraction (SPE) to separate TBP and DBP from aqueous media. It was found that the 
extent of fractionation predicted by theory aligns well with the experimental results. The 
carbon stable isotope measurements in TBP revealed that a heavy shift occurs in 
reactions of TBP with nitric acid, hydrochloric acid, and sodium hydroxide. The largest 
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shift of 8.3 per mil was seen when TBP was reacted with 9 M HCl at 75 oC. There was a 
4 per mil difference between the carbon stable isotope value of TBP in 9 M HCl and 8 M 
HNO3 at 75 
oC. It is suspected that this difference would merge over time. Hydrolysis 
experiments conducted in 4 M HCl and 4 M HNO3 at temperature ≤ 50 oC for three 
months showed no significant fractionation. However, only a small fraction of TBP was 
degraded within this short time-frame. The degradation of TBP in 12.5 M NaOH was 
near completion but less than a 2 per mil fractionation was measured. It is possible that 
this process does not give a significant fractionation due to its degradation mechanism.  
The FTIR-ATR peak intensity ratio for the alkaline hydrolysis system yields a close 
approximation of the extent of TBP degradation relative to the amount quantified by gas 
chromatography. This dissertation gives valuable insight on the characterization of 
carbon stable isotopes and the FTIR-ATR analysis of TBP that is helpful to the nuclear 
forensics community.     
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CHAPTER ONE 
INTRODUCTION 
The research presented in this dissertation is inspired by the field of nuclear 
forensics. Nuclear forensics is defined by the National Technical Nuclear Forensics 
Center (NTNFC) as “the thorough collection, analysis and evaluation of radiological and 
nuclear material in a pre-detonation state and post-detonation radiological or nuclear 
materials, devices and debris, as well as the immediate effects created by a nuclear 
detonation” (DHS NTNFC, 2015). Thus, the goal of nuclear forensics is to support 
nuclear attribution by identifying those responsible for planned and executed nuclear 
attacks. The research of this dissertation involves the identification of stable isotope 
signatures and the analytical characterization of tri-n-butyl phosphate (TBP), which may 
be used in nuclear fuel reprocessing and plutonium separation. These two distinct 
processes incorporate nitric acid and hydrochloric acid in liquid-liquid extraction to 
produce weapons useable plutonium. The research herein will provide insight to 
analytical approaches that are useful in distinguishing signatures of TBP associated with 
actinide recovery as well as a solvent disposal process that could be used to destroy 
evidence of TBP use.  
RELEVANCE OF PROJECT TO DHS DNDO/NTNFC TNF 
The research herein is most relevant to the Department of Homeland Security 
Nuclear Forensics Graduate Fellowship Program Technical Mission Area 2. This area 
supports “improvements in the quantification, characterization, and analysis of nuclear 
and non-nuclear constituents in non-nuclear bulk material” [italics added] (SCUREF, 
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2011). Nuclear forensics serves to combine existing nuclear analytical techniques with 
intelligence and law enforcement for the attribution of nuclear events to eradicate nuclear 
smuggling and potential nuclear terrorist networks (DHS NTNFC, 2015). To provide 
such confidence, a combination of radiological, chemical, elemental, and isotopic 
analytical techniques must be employed in the measurement of interdicted materials. The 
majority of nuclear forensics signatures lies within the nuclear fuel cycle, which is a 
systematic process through which nuclear fuel is fabricated for reactor use and 
subsequently reprocessed for uranium and plutonium recovery or stored. The key reagent 
used in fuel reprocessing to separate Pu and U via the Plutonium and Uranium Recovery 
Extraction (PUREX) process is TBP.  This dissertation seeks to complement existing 
technologies and analytical methods that are used to determine TBP degradation and 
present the evaluation of carbon stable isotopes of TBP associated with nuclear 
processes, which is not found in the literature. The goal is to determine if there is a 
unique carbon stable isotope signature associated with TBP degradation during its use in 
nuclear reprocessing and solvent disposal.   
PURPOSE OF THE STUDY 
Apart from its use in nuclear processing, TBP is also used as an ingredient in 
several industrial chemicals. The most common industrial use of TBP is in hydraulic 
fluids where it serves as a flame retardant. Up to 80% of TBP can be found in 
commercial hydraulic fluid for aircraft (Marklund et al., 2005a; Van Netten et al., 2001). 
It is also used as a pressure additive and/or antiwear agent in lubricants, motor oils and 
transmission fluids. The common use of TBP in these products makes it prevalent in the 
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environment. For example, TBP has been found on airport runway and nearby vicinities 
(Marklund et al., 2005a) as well as in sewage treatment plants (Marklund et al., 2005b). 
TBP has also been found in landfill leachate in a study that revealed a carbon stable 
isotope ratio of -29.7±0.1 ‰ for TBP extracted from the leachate by solid phase 
extraction (Benbow et al., 2008). Because of the wide variety in industrial applications 
for TBP, it will be useful to determine if TBP has a unique carbon stable isotope 
signature associated with nuclear reprocessing.    
 TBP is very persistent in the environment and may be introduced into the 
environment through a broad range of industrial applications. TBP is also used as 
pesticides/herbicides and as a plasticizer and paint thinner (Schulz et al., 1984). It may 
also be found in ink toners and as an antifoam agent in concrete (Schulz et al., 1984; 
Marklund et al., 2005b). Given its diversity as an industrial solvent, the actual intended 
use of TBP is questionable when it is found in the environment. A covert nuclear 
processing operation could be masked as a manufacturing plant incorporating the use of 
TBP. Although, other signatures such as the presence of radioactivity could easily 
uncover such an operation, it is necessary to determine characteristics of non-nuclear 
constituents in material that could be associated with Pu and U processing. Hence, the 
goal of this dissertation is to characterize TBP using carbon stable isotopes to determine 
if this method can distinguish TBP from its use in nuclear processing versus its use as a 
manufactured solvent in industry. Stable isotopes are being used in this work because of 
proven success in other forensics case studies such as distinguishing natural versus 
synthetic drugs, elucidating explosives, and determining the origin of people (Meier-
4 
Augenstein, 2010). It is possible that stable isotopes signatures in TBP are distinct among 
industrial uses versus nuclear processing. This dissertation begins to answer the 
possibility of such by first evaluating the carbon stable isotope fractionations in TBP as a 
result of its use in simulated nuclear processing techniques.  
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CHAPTER TWO 
LITERATURE REVIEW
TRIBUTYL PHOSPHATE IN THE PUREX PROCESS 
TBP is the primary extractant in the PUREX Process. TBP extracts U and Pu from 
fission products in spent nuclear fuels and subsequently separates uranium from 
plutonium. The PUREX process typically consists of three separate cycles involving 
TBP: (1) extraction of U and Pu from fission products, (2) extraction of Pu from U and 
(3) extraction of Pu (IV) from aqueous ferrous sulfamate in a separate Pu solvent 
extraction line. Details of TBP’s use in the PUREX process are given later. Despite its 
renowned use in nuclear reprocessing, TBP was once rejected due to other considerations 
of solvents found to extract Pu and U (Coleman et al., 1978). The rejection of TBP was 
based on its chemical properties including high viscosity and density (0.972 g-cm-1) close 
to that of water, as well as its susceptibility to degrade via acid hydrolysis (Coleman et 
al., 1978; Schulz et al., 1984). Another reason TBP was dismissed is because the 
extracting power of undiluted TBP is so aggressive that the necessary back extraction 
(stripping) into the aqueous phase can be hindered (Schulz et al., 1984). Hence, TBP must 
be diluted for a successful separation of U and Pu. 
The use of TBP as an extractant is often attributed to James C. Warf, who made 
the first journal reference to TBP in 1949 although his work with the solvent started as 
early as 1944 during the Manhattan Project (Schulz et al., 1984; Warf, 1949). A series of 
diluents such as dodecane, carbon tetrachloride, and decanol have been reported for TBP 
in the literature as well as in solvent extraction flow sheets (Coleman et al., 1978; Schulz 
6 
et al., 1984; Warf, 1949; Bruce et al., 1956; Bruce et al., 1961; Geier, 1979). Dibutyl 
ether was first reported as a diluent for TBP in thorium extractions (Coleman et al., 1978; 
Schulz et al., 1984; Warf, 1949). Diluents improve the physical properties of TBP and 
lessen the extracting power to a suitable strength to allow back extraction into the 
aqueous phase during solvent extraction (Schulz et al., 1984). The most preferable diluent 
is a normal paraffin hydrocarbon (Coleman et al., 1978; Schulz et al., 1984; Geier, 1979). 
Apart from incorporating a diluent to improve the extracting power of TBP, a 
second extractant may be used. Di(2-ethylhexyl) phosphoric acid is synergistically 
compatible with TBP such as in the Dialkyphosphoric Acid Extraction (DAPEX) process 
for hydrometallurgical uses (Coleman et al., 1978). TBP is also synergistic with its acid 
degradation products, dibutyl hydrogen phosphate (HDBP) and monobutyl dihydrogen 
phosphate (H2MBP), which becomes an issue in the PUREX process because these 
degradation products may also complex with U and Pu preventing effective recovery 
(Schulz et al., 1984) or form precipitates that present a criticality hazard (Powell et al., 
2003; Uetake, 1989; Krutikov et al., 1970; Teterin et al., 1971). However, these 
degradation products may be removed in a sodium bicarbonate wash allowing TBP to be 
recycled. 
TYPICAL PUREX FLOW SHEET 
In this dissertation, a flow sheet is a schematic of a chemical process. The flow 
sheet illustrates the steps of the chemical process and the products at each step. Flow 
sheets of the PUREX process can be found throughout the literature. The PUREX process 
will be described in this dissertation based on the description given by Starks at the 
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Savannah River Site (Starks, 1977). The PUREX process begins with the dissolution of 
targets or fuel slugs from a reactor. The core of the slugs contains depleted or natural U 
metal within aluminum cladding. The cladding is dissolved using 50% by weight sodium 
hydroxide (19 M NaOH) in the presence of sodium nitrate. The uranium is then dissolved 
with 50% by weight nitric acid (8 M HNO3). This solution is further processed by adding 
gelatin, which forms a gelatin-silica polymer in order to remove silica which causes 
emulsions during solvent extraction. Now clarified, the solution is blended with 
recovered Pu from scrapped metal to increase the Pu to U ratio and to adjust the Pu 
isotopic composition according to product requirements before entering the first solvent 
extraction cycle. 
FIRST SOLVENT EXTRACTION CYCLE 
The organic solvents used in the PUREX process consist of 30% TBP and 70% 
normal paraffins, usually dodecane. Within the first solvent extraction cycle the dissolved 
U and Pu from the aqueous feed solution become impregnated in the organic phase, while 
the fission products are discarded in the aqueous phase. The organic stream is scrubbed 
with 3M HNO3 then the U and Pu are divided into separate streams by the reduction of 
Pu(IV) to Pu(III) using ferrous sulfamate and the partitioning of Pu(III) to the aqueous 
phase. The Pu(III) bearing aqueous stream is scrubbed with fresh organic solvent to 
ensure the complete separation of Pu from U. The aqueous stream of Pu(III) is transferred 
to the second Pu solvent extraction cycle for further processing. The organic stream of U 
is added to a low-acid stream to strip the U from the organic phase. This acidic aqueous 
stream of U is transferred to the second U solvent extraction cycle. The organic solvents 
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from the first solvent extraction cycle have suffered degradation and an ingrowth of 
degradation products and are then transferred to solvent recovery, which consists of a 
sodium bicarbonate wash to remove the degradation products HDBP and H2MBP. 
SECOND SOLVENT EXTRACTION CYCLE FOR PU AND U 
The Pu(III) in the aqueous stream is oxidized to Pu(IV) using excess sodium 
nitrite. The acid concentration of the stream is then adjusted to 4 M nitric acid. The 
Pu(IV) is extracted into the organic stream by applying fresh TBP/paraffin. The organic 
stream is scrubbed with 3 M nitric acid to remove fission products. Pu(IV) is once again 
reduced to Pu(III) using hydroxylamine nitrate and Pu(III) is stripped from the organic 
stream. The organic extractants are then treated for recovery.  
The U in the aqueous stream is concentrated via evaporation. Ferrous sulfamate is 
then added to reduce and strip traces of Pu. The U is extracted into the organic solvents 
and then scrubbed with nitric acid to remove fission products and subsequently scrubbed 
with water to remove excess acid. The U is then back-extracted into an aqueous stream 
with a low acid concentration. Afterward, it can be further reprocessed to form UO3.  The 
organic solvents enter recovery after the second U cycle. 
Degradation of the organic solvents occurs during all three cycles of the PUREX 
process. Solvent recovery must occur after each cycle and the solvents should return to 
their respective cycles for reuse. Upon returning to respective cycles, fresh solvent may 
be added to compensate for the loss of solvent due to transfer and degradation throughout 
the cycle. After a number of reuses the solvent becomes too inefficient and may be 
discarded via caustic treatment. Details about solvent disposal are presented later and a 
9 
detailed schematic of the three cycles of the PUREX is found in the Appendix (Figure 
A.1).
INEFFICIENCY OF THE PUREX PROCESS AS A FUNCTION OF DEGRADATION 
PRODUCT INGROWTH DURING REPROCESSING 
The effectiveness of the PUREX process is dependent on the ingrowth of 
degradation products of tributyl phosphate. The main degradation product that inhibits 
the efficiency of the PUREX process is dibutyl phosphate due to its ability to increase the 
retention of Pu(IV) in the organic phase, to form insoluble precipitates with U(VI), and to 
form complexes with some fission products primarily zirconium (Zr). Another 
degradation product, monobutyl phosphate, has been known to precipitate with Pu(IV). 
Several studies have been conducted to determine the rate of hydrolytic degradation of 
TBP during the initial development the PUREX process. These studies led to improved 
process parameters.  
An experimental study relating the concentration of DBP in a TBP-kerosene 
solution to the amount of Pu(IV) loss showed that even 0.001% DBP will prevent a 
significant amount of Pu(IV) from stripping into the aqueous phase (Reilly et al., 1951). 
This study led to an improvement in the reduction of Pu(IV) to Pu(III) in both the first 
solvent extraction cycle and the second Pu solvent extraction cycle to overcome this 
influence of DBP. A similar study added Pu(III), reduced from Pu(IV) by 0.04M 
hydroxylamine solution, to varied concentrations of DBP and determined that there is no 
significant loss of Pu(III) until 0.01% of DBP is reached in the solvent system (Reilly et 
al., 1951). Although the reduction of Pu from a tetravalent state to a trivalent state 
10 
improves the stripping of Pu in the presence of DBP, another study shows that only 1% 
of MBP in the solvent system will retain Pu(III) in the organic phase and prevent 
stripping as well (Reilly et al., 1951). Thus, the ingrowth of both DBP and MBP must be 
considered when assessing the efficiency of the PUREX process. 
The earlier analytical techniques for determining the effectiveness of solvent 
extraction as a function of DBP ingrowth involved relating the amount of zirconium or 
uranium extracted to the quantity of DBP formed (Dukes, 1957). The amount of DBP 
produced during solvent extraction is influenced by the concentration of nitric acid and 
temperature. It is also influenced by the effects of radiation. Most studies have examined 
these factors separately and/or simultaneously using varied conditions to quantify the 
efficiency of the PUREX process as a function of the ingrowth of degradation products.  
Bench-scale studies have examined the effects of radiation damage to TBP and its 
diluent system. An increase in Kd was observed upon irradiating a 30% TBP and kerosene 
mixture with a cobalt-60 source and extracting uranium from a 1 M uranyl nitrate 
solution. The increased retention of uranium was found to be due to uranium complexes 
with DBP at radiation doses of about 108 rad (Tsujino et al., 1966).  Another study 
examined the plutonium retention behavior in an irradiated 30% TBP and n-dodecane 
system with and without solvent clean up by 2% wt sodium bicarbonate (Na2CO3) 
(Tripathi et al., 1999). This study reveals that the treated solvent retains Pu(IV) more 
effectively than the untreated solvent up to a dose of 23 Mrad. Thereafter, a sudden 
reversal is observed and the untreated solvent retains Pu(IV) while the treated solvent 
shows a decrease in the retention of Pu. The increase in the retention of Pu for both 
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solvent conditions is a result of the formation of radiolytically derived species in the 
solvent other than DBP and MBP. These species are termed high molecular weight 
organophosphates (HMPs) and are possibly due to interactions of DBP and alkyl radicals 
(Tripathi et al., 1999; Neace, 1983). The higher retention of Pu in the treated solvent is 
observed because the alkaline wash is only able to partially remove HMPs. However, the 
decline in Pu retention above doses of 23 Mrad is attributed to the decrease in 
complexing nitroparaffins resulting from the equilibration of the solvent with nitric acid 
after each wash cycle (Tripathi et al., 1999). Nitroparaffins are nitrogen compounds 
derived from an alkane; and they contain an NO2 group in place of one or more of the 
hydrogen atoms (Collins, 2013). The alkaline wash is effective in removing unwanted 
degradation products and also decreasing the concentration of complexing nitroparaffins 
through hydrolysis after many repeated uses (Tripathi et al., 1999). Tripathi et al. (1999) 
also show that upon increasing doses, various metal complexing species form; the least of 
these species is DBP and the majority are derivatives of DBP and TBP.  
The increased retention of Pu, U, and fission products in the organic phase 
prevents back extraction in the PUREX process, which yields inefficiency in recovering 
the maximum amount of Pu and U from spent nuclear fuel. However, this increased 
retention of actinides and fission products in the organic phase is not solely due to the 
presence of DBP and MBP.  A study monitored the increase in the diluent degradation 
products for a 30% TBP, n-dodecane, nitric acid system, which demonstrated a parallel 
with the increase in retention of Pu, Zr, and Ru (Tripathi et al., 2001). The degradation 
products of the diluent, n-dodecane, determined by this study are nitroparaffins, long 
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chain alcohols, paraffins, and nitro alkanes, which are induced by nitric acid and 
radiolysis. Long chain alcohols and paraffins do not contribute to the retention of 
radionuclides; however, they cause unwanted physicochemical changes in the solvent. 
Some diluent degradation products may be discarded through a sodium bicarbonate wash. 
Other studies have also observed the acidic, alkaline, and neutral hydrolysis of 
TBP in the absence of radiolysis (Reilly et al., 1951; Burger, 1955). These studies report 
the same degradation products of TBP as seen in radiolytic studies.   
TBP DISPOSAL/CAUSTIC TREATMENT 
Many options are available to destroy TBP in cases where it is considered waste 
after repeated use. These options include non-thermal and thermal destruction of the 
solvent (Topkin, 2010; Healy, 1976). The alkaline hydrolysis of TBP is known to be 
suitable for the management of PUREX solvent waste. This process, however, can be 
viewed as an attractive option for the obliteration of reprocessing evidence. The 
destruction of TBP by 19 M NaOH was used for the management of radioactive waste 
from fuel reprocessing during the early 1970s (Healy, 1976). The reaction involved 
heating 20% TBP and odorless kerosene to 120-130oC with 19 M NaOH for 7 to 8 hours. 
The purpose of this caustic treatment was to rid the odorless kerosene of TBP and its 
degradation products so that the kerosene diluent could be recycled. 
More recent use of the alkaline hydrolysis process for TBP has been performed in 
India for the management of spent solvents. The hydrolysis of TBP by NaOH produces 
butanol and sodium salts of DBP (NaDBP). These two products are soluble in water and 
can be separated from the diluent system, which could be recycled or incinerated 
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(Manohar et al., 1999). Manohar et al. (1999) examined the alkaline hydrolysis of 30% 
TBP in n-dodecane using 12.5 M NaOH to determine its suitability for the management 
of spent solvents. Complete hydrolysis was discovered at five hours of reaction time. The 
reaction produced sodium salts of DBP and MBP, of which concentrations were 
estimated through acid base titrations after separation. The chemical composition of 
species found in the aqueous phase is listed in Table 2.1 (Manohar et al., 1999).     
Table 2.1: Chemical composition of aqueous bottoms after hydrolysis 
Species Concentration, M 
NaDBP 1.09-1.15 
Na2MBP 0.06-0.08 
Na3PO4 0.02-0.04 
NaOH 1.50-2.50 
Butanol 1.10-1.50 
MBP and phosphoric acid concentrations in the aqueous phase are negligible compared to 
DBP. This study also reveals that the gross beta and alpha activities of the diluent phase 
are heavily decreased throughout the reaction. The beta concentration decreases from 
3330 Bq/ml at time zero to 2 Bq/ml after five hours and the alpha concentration declines 
from 370 Bq/ml to 1.8 Bq/ml for the same time period. Thus, not only does the alkaline 
hydrolysis of spent solvent involving TBP and a diluent system diminish TBP and its 
degradation products but it also significantly reduces the radioactivity of the diluent 
phase for reuse. Approximately 90% of the original activity was found in the aqueous 
phase owing to the migration of radionuclides complexed with TBP and its degradation 
products, which solubilized in the aqueous phase. Almost 10% of the original activity 
was found in a third phase which consisted of the diluent as well as NaDBP and butanol 
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insolubilized due an insufficient amount of water in the system. The remaining 
radioactivity is found in the diluent rich organic layer. 
The alkaline hydrolysis process for spent PUREX solvents is currently used in 
India, which has a closed commercial nuclear fuel cycle (Raj et al., 2006). The process 
completely destroys TBP leaving behind an organic diluent phase nearly free of 
radioactivity and an aqueous phase of mostly NaDBP and butanol, which are 
immobilized in cement (Raj et al., 2006).  Specific details regarding the cementation of 
the aqueous phase are discussed by Pentea et al. (2008). 
TBP’S ROLE IN PU PROCESSING 
Plutonium processing is currently performed at the Los Alamos National 
Laboratory (LANL). The Pu that is typically processed is from scrap Pu metal resulting 
from fabrication processes that use Pu. These processes could involve weapons 
manufacturing and/or weapons dismantling where scrap Pu metal is recycled and refined 
to pure Pu metal. Plutonium processing is also used to separate Pu from Am, Np, and U 
that accumulates in aged Pu metal due to radioactive decay. LANL performs both nitric 
and hydrochloric acid processing to yield pure plutonium dioxide, which then undergoes 
pyrochemical operations to produce pure Pu metal. The nitric acid process is different 
from the PUREX process and does not use TBP as an extractant; however, in this 
process, nitric acid is used to dissolve and/or leach Pu from scrap metal and Pu-
contaminated items as well as elute Pu from an anion exchange resin. Only the 
hydrochloric acid process incorporates tributyl phosphate for the recovery of pure Pu. 
This process also allows treatment of a vast assortment of Pu material such as metal 
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turnings, impure Pu metals, pyrochemical residue, and other Pu-contaminated items that 
the nitric acid process does not permit and/or is ineffective in producing the highest 
purity of PuO2 (Coonley, 2008). 
HYDROCHLORIC ACID PROCESSING 
Hydrochloric acid processing has been used at LANL for more than 15 years. As 
a result of producing high purity Pu metal through pyrochemical processing, residues of 
chloride salts containing significant quantities of Pu are formed. The Pu is recovered 
through aqueous hydrochloride processing. This recovery process begins with 6-8 M 
hydrochloric acid (HCl) to dissolve or leach the solid feed. The resulting aqueous Pu 
solution undergoes solvent extraction with TBP in a centrifugal contractor. The Pu loaded 
TBP phase is scrubbed with an alkaline solution then Pu is stripped from TBP using 
dilute (i.e. 0.1 M) HCl. After solvent extraction, the Pu is further processed by reduction, 
oxalate precipitation, and calcination. The final product is a highly pure Pu(IV) dioxide 
(Coonley, 2008). A diagram of the LANL hydrochloric acid process is illustrated in the 
Appendix (Figure A.2). Future use of TBP involves Pu and/or Am purification with 
Chloride Line Extraction and Actinide Recovery (CLEAR) gloveboxes, which is 
designed to employ a process combining the selectivity of solvent extraction with the 
efficiency of extraction chromatography (Coonley, 2008). 
TBP DEGRADATION MECHANISMS – DEALKYLATION VERSUS HYDROLYSIS 
Tributyl phosphate degrades to dibutyl phosphate, monobutyl phosphate, 
phosphoric acid, and butanol. These degradation products all form regardless of the 
process/agent used to degrade TBP. There are two mechanisms associated with the 
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degradation of TBP. Under acidic conditions, it is suspected that the C—O bond on the 
molecule is cleaved whereas in alkaline conditions the P—O bond is cleaved. The 
cleavage of the C—O bond is known as dealkylation because it directly cleaves the butyl 
alkyl group but the cleavage of the P—O bond is termed “true” hydrolysis (Schulz et al., 
1984). An early study proved the suspicion of bond cleavage for tributyl phosphate in 
alkaline and acidic conditions by determining the mechanism of the hydrolysis of 
trimethyl orthophosphate with water enriched in heavy oxygen as an indicator
(Blumenthal and Herbert, 1945). This study was followed by an observation that 
confirmed the rupture of the C—O bond on the TBP molecule upon reaction with > 5 M 
HNO3 and > 2 M HCl and has proven that the degradation products also include butyl 
nitrate (C4H9NO3) and butyl chloride (C4H9Cl), respectively (Moffat and Thompson, 
1961).  Regardless of whether it is dealkylation or hydrolysis, TBP yields the same 
degradation products as well as other artifacts that are specific to the compound used to 
degrade TBP (i.e. butyl nitrate, butyl chloride). The TBP molecule is represented below 
in Figure 2.1 followed by its properties and that of its most common degradation products 
in Table 2.2.  
Figure 2.1: Tributyl phosphate molecule. 
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Table 2.2: Properties of TBP and its Common Degradation Products 
Chemical Species 
Chemical 
Formula 
Molar mass, g Density, g/ml Boiling Point, oC 
Tributyl Phosphate C12H27O4P 266 0.973 289 
Dibutyl Phosphate C8H19O4P 210 1.058 275 
Monobutyl Phosphate C4H11O4P 154 1.120 272 
Butanol C4H10O 74 0.810 118 
ACIDIC HYDROLYSIS 
The acidic hydrolysis of TBP described in this work will be limited to reactions 
involving nitric acid and hydrochloric acid. The rate of hydrolysis of TBP in acidic media 
depends on the temperature of the reaction and the molarity of acid. However, the 
hydrolysis of TBP occurs faster in HCl than in HNO3
 (Healy, 1976). Acidic hydrolysis of 
TBP occurs in both organic and aqueous phases but hydrolytic degradation of TBP in the 
aqueous phase is appreciably more rapid than that of organic phases due to the presence 
of anions (i.e. NO3
- and Cl-) (Schulz et al., 1984). These anions are more reactive and 
attack the saturated carbon atoms on the butyl groups of TBP resulting in the cleavage of 
the C—O bond on the molecule.  
The first order rate constants for TBP degradation to DBP in both HNO3 and HCl 
were reported by Schulz et al. (1984) and Vladimirova et al. (1989). Data are available 
describing the rate constants for the acidic hydrolysis of TBP in the organic and aqueous 
phases in nitric acid medium. These rate constants were quantified based on the ratio of 
the aqueous and organic phases, the concentration of nitric acid and/or the concentration 
of protons for [HNO3] > 3 M, temperature, and the known solubility of triakyl phosphates 
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in nitric acid of a given concentration at a given temperature. The first order hydrolysis 
rate in the organic phase for pure TBP in 0.9 M nitric acid is 1.5 x 10-4 h-1 at 80 oC and is 
1.2 x 10-4 h-1 in 0.5 M nitric acid at 50 oC in the aqueous phase (Vladimirova et al., 1989). 
A comparative study on the rates of decomposition of TBP in 1 M HCl and 1 M 
HNO3 demonstrated higher first order rate constants for TBP in 1 M HCl at temperatures 
above 50 oC (Schulz et al., 1984). It has also been noted that the hydrolysis of TBP 
reacted four to five times faster at 75 oC in 5 M HCl than in 5 M HNO3
 (Schulz et al., 
1984). Also dealkylation and not hydrolysis of TBP is expected to occur at high 
concentrations of HCl (i.e. > 2 M) (Blumenthal and Herbert, 1945).    
The principal reaction mechanism of TBP in aqueous HNO3 and HCl is expected 
to proceed as: 
An− + CH3CH2CH2CH2⋯O − PO(OC4H9)2 →AnC4H9 + O− P − O(OC4H9)2
−       (2.1)
followed by: 
𝑂 − 𝑃𝑂(𝑂𝐶4𝐻9)2 +𝐻
+ →𝐻𝑂𝑃𝑂(𝑂𝐶4𝐻9)2
−                                           (2.2)
where An- represents the anion (NO3
- or Cl-) and the dashed line in the first equation 
demonstrates where the anion attacks the TBP molecule at the C—O bond. The first 
reaction is then followed by protonation of the DBP anion to form dibutyl phosphoric 
acid (Schulz et al., 1984).   
The formation of butyl nitrate, butyl chloride, and butanol occurs in large 
quantities for reaction temperatures greater than 100 oC and with high acid concentrations 
(Moffat and Thompson, 1961). These volatile products are typically unstable in the 
presence of acid at elevated temperatures and may cause violent reactions (Moffat and 
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Thompson, 1961). Wilkinson and Williams (1961) suggested that when TBP reacts 
directly with nitric acid, DBP forms via a transesterification reaction. Both TBP and DBP 
are susceptible to nitration which leads to the production of butyl nitrate as follows 
(Wilkinson and Williams, 1961; Schulz et al., 1984). 
(C4H9O)3PO + HNO3 → (C4H9O)2PO(OH) +C4H9NO3  (2.3) 
Red oil formation has been observed in nitric acid reactions with TBP for temperatures as 
low as 75 oC. Red oil is a mixture of organic compounds formed as a result of hydrolytic 
and other reactions between certain heated TBP-diluent solutions and aqueous metal 
nitrate solutions (Schulz et al., 1984) .Red oil results in rapid pressurization and 
explosion (Smitha et al., 2012).  
The reaction temperatures used in this dissertation for the acidic hydrolysis of 
TBP were maintained below 80 oC and there was no evidence of red oil formation. Also, 
the reaction parameters used in this dissertation would have produced minute quantities 
of monobutyl phosphoric acid (MBP) according to the results of other experiments with 
conditions similar to that presented in this dissertation (Moffat and Thompson, 1961). 
Thus the primary degradation product expected in this dissertation is DBP. The 
generalized principal reaction mechanism expected is shown below. 
(𝐶4𝐻9𝑂)3𝑃𝑂 + 𝐻2𝑂
𝐻++𝑂𝐻−
→      (𝐶4𝐻9𝑂)2𝑃𝑂(𝑂𝐻) + 𝐶4𝐻9𝑂𝐻                 (2.4) 
Decomposition of DBP yields MBP and finally phosphoric acid as illustrated below.  
(𝐶4𝐻9𝑂)2𝑃𝑂(𝑂𝐻) + 𝐻2𝑂
𝐻++𝑂𝐻−
→      𝐶4𝐻9𝑂𝑃𝑂(𝑂𝐻)2 + 𝐶4𝐻9𝑂𝐻           (2.5) 
𝐶4𝐻9𝑂𝑃𝑂(𝑂𝐻)2 +𝐻2𝑂
𝐻++𝑂𝐻−
→      𝐻3𝑃𝑂4 + 𝐶4𝐻9𝑂𝐻                              (2.6) 
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All reactions involve the production of butanol. An illustration of equation 2.4 is given 
below in Figure 2.2.   
Figure 2.2: TBP degradation to DBP and butanol by acidic hydrolysis. 
ALKALINE HYDROLYSIS 
The alkaline hydrolysis of TBP described in this dissertation will be limited to 
reactions involving sodium hydroxide (NaOH). Alkaline hydrolysis of TBP occurs in the 
aqueous phase while TBP completely degrades in the organic phase producing butanol 
and NaDBP. TBP’s reaction with NaOH has been associated with the rupture of the P—
O bond of the molecule. The first order reaction rate for TBP degradation to DBP for 
pure TBP in contact with 1 M NaOH at 30 oC is 5.5 x 10-3 hr-1 (Schulz et al., 1984). 
When the reaction temperature is increased to 60 oC, the first order reaction rate is one 
order of magnitude higher at 6.0 x 10-2 hr-1 (Schulz et al., 1984). The reaction kinetics are 
much faster for the alkaline hydrolysis of TBP compared to those of acidic hydrolysis. 
TBP, DBP, MBP, and butanol are highly soluble in alkaline media (Schulz et al., 1984; 
Burger, 1955; Healy, 1976). However, the destruction of TBP by NaOH generates more 
than 90% of DBP in the aqueous phase while less than 10% of MBP is produced (Healy, 
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1976). Thus, like the acidic hydrolysis of TBP, an insignificant amount of MBP is 
produced by the alkaline reactions described in this study.  
The principal reaction mechanism is given below for TBP hydrolysis with sodium 
hydroxide. The dashed line in equation 2.7 represents the P—O cleavage on the TBP 
molecule. 
NaOH + CH3 − CH2 − CH2−CH2 − O⋯PO(OC4H9)2
𝑂𝐻−+𝑁𝑎+
→       NaO − P − O(OC4H9)2 + C4H9OH  (2.7) 
Unlike the acidic hydrolysis of TBP, this reaction produces sodium salts of dibutyl 
phosphate as opposed to dibutyl phosphoric acid (Schulz et al., 1984; Topkin, 2010; 
Manohar et al., 1999; Raj et al., 2006). A hydroxyl group given by the disassociation of 
either water or NaOH separates yielding an oxygen anion to bond with the Na+ cation and 
a proton, which aides in the formation of butanol (Figure 2.3).  
Figure 2.3: TBP degradation to NaDBP and butanol in alkaline hydrolysis using NaOH. 
The NaDBP is expected to occur only in the aqueous phase while butanol is produced in 
both aqueous and organic phases. 
ANALYTICAL INSTRUMENTATION AND METHODS FOR THE 
CHARACTERIZATION OF TBP 
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There are several analytical methods used to characterize TBP and its degradation 
products (Schulz et al., 1984). The analytical instrumentation and methods described in 
this work are limited to those involving infrared spectroscopy, gas chromatography, solid 
phase extraction, and carbon stable isotope ratio mass spectrometry.  
INFRARED SPECTROSCOPY AND GAS CHROMATOGRAPHY 
Infrared spectroscopy qualitatively elucidates the bond chemistry and vibrational 
modes of a molecule. A Fourier Transform Infrared Spectroscopy with Attenuated Total 
Reflectance (FTIR-ATR) was used in this research to depict the degradation of tributyl 
phosphate via changes in peak intensity, peak wavenumber, and peak distortion. TBP and 
its degradation products have different spectra with changes in peak intensity and 
wavenumber. By evaluating the vibrational modes of characteristic bonds for each 
molecule, a technique can be developed by calculating ratios of different peak intensities 
to estimate the extent of TBP degradation with respect to the percentage of DBP 
produced in the sample. This technique should be verified using gas chromatography to 
determine its effectiveness. Gas chromatography may be used to quantity TBP 
degradation and the ingrowth of degradation products through concentration analysis. 
The development of a novel technique for the semi-quantitative assessment of TBP and 
its degradation products using an FTIR-ATR and the verification of such techniques 
using gas chromatography has not been found in the literature and is the subject of the 
fifth chapter of this dissertation.  
Gas chromatographic analysis of two of TBP’s degradation products, DBP and 
MBP, require derivatization. Derivatization of DBP replaces the proton on the –OH 
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group with a methyl group causing DBP to become dibutyl methyl phosphate (Mong and 
Campbell, 1999). Whereas, derivatization of MBP replaces the protons on the two –OH 
groups with two methyl groups causing MBP to become monobutyl dimethyl phosphate 
(Mong and Campbell, 1999).  The methylating agent commonly used for DBP and MBP 
is diazomethane. 
SOLID PHASE EXTRACTION 
Solid phase extraction (SPE) is an analytical technique used to extract compounds 
from aqueous media. It was used in this work to extract TBP and DBP that have 
partitioned into the aqueous phase during hydrolysis reactions. A solid phase extraction 
technique specific to TBP and DBP in nitric acid, hydrocholoric acid, sodium hydroxide, 
and water was developed from these studies. Extraction efficiencies for TBP and DBP in 
these aqueous media have not been found in peer reviewed literature; however, Agilent 
has reported an extraction recovery of 89% for TBP in water for Bond Elut PPLSPE 
cartridges (Agilent Technologies, 2011). The extraction recoveries will aid in 
determining the concentration of TBP and DBP that has partitioned into the aqueous 
phase during acidic and alkaline hydrolysis by using gas chromatography.  
CARBON STABLE ISOTOPE RATIO MASS SPECTROMETRY 
Carbon has three isotopes, two of which are stable (carbon-12 and carbon-13) and 
one which is radioactive (carbon-14). Carbon stable isotope ratio mass spectrometry 
(IRMS) determines the ratio of carbon-13 to carbon-12 for a given compound. The 
principle of IRMS is to determine deviations in the isotopic abundance of an analyte gas 
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relative to that of a standard or reference gas. This principle is represented 
mathematically in the following equation (Meier-Augenstein, 1999). 
𝛿𝑠 = (
𝑅𝑠
𝑅𝑠𝑡𝑑
− 1) ∗ 1000 (‰) (2.8) 
where Rs is the ratio of 
13C to 12C for the sample and Rstd is the ratio of 
13C to 12C for the 
standard. The ratio is reported in units of per mil (‰) relative to the carbon standard Pee 
Dee Belemnite, a fossil found in South Carolina, which has a carbon isotope ratio (δ13C) 
value of 0.01‰. This value is typically rounded to zero.  A measureable change in the 
δ13C (“Delta C-13”) value is called an isotopic fractionation. Natural carbon has an 
atomic weight of 12.011 with 98.9% occurring as 12C and 1.1% as 13C. Carbon-12 has an 
atomic weight of exactly 12 atomic mass units (amu) and 13C has one of 13 amu. An 
enrichment of 12C in a molecule reflects a negative δ13C value and is referred to as 
isotopically light. Less negative δ13C values represent an enrichment in 13C, which is 
termed isotopically heavy (Langmuir, 1997).  
Two IRMS instruments were used, the elemental analyzer IRMS (EA-IRMS) and 
the gas chromatography combustion IRMS (GC-C-IRMS). The mechanisms of these two 
instruments are nearly the same. For carbon isotope analysis, the sample is combusted 
into carbon dioxide (CO2) and water. The sample gas then travels to a cold trap where the 
water in the sample is frozen. After passing the cold trap, the sample goes to the mass 
spectrometer (MS). Upon reaching the MS, the sample is ionized by an ion source, which 
relays a charge to the three CO2 isotopomers, 
12C16O2, 
13C16O2, and 
12C18O16O 
25 
corresponding to the mass/ion ratio of 44, 45, and 46, respectively. The three ion beams 
bypass a magnet, which separates the beams according to their masses. After mass 
separation, the current from the three beams are measured by three Faraday cups, which 
transmit a signal to the IRMS computer software and data are collected.  Prior to the 
sample combustion, the three CO2 isotopomers of the reference gas are measured, thus 
the carbon isotope abundance of the sample is relative to the reference gas. The reference 
gas is an internal standard; however, external standards are calibrated on the instruments 
as well. Examples of external samples for carbon isotope analysis on the EA-IRMS 
include sucrose, peach leaf, and graphite, which may be provided through the United 
States Geological Survey (USGS) and the National Institute of Standards and Technology 
(NIST). External samples used in this work for GC-C-IRMS included solutions of 
synthetic caffeine (99%, Aldrich) and adamantane (99+%, Aldrich).  
The EA-IRMS was used to compare carbon isotope ratios of TBP, DBP, and 
MBP with ratios determined through GC-C-IRMS. This comparison is needed to 
determine the effects of derivatization of DBP, which is necessary to obtain carbon 
isotope ratios of these compounds using GC-C-IRMS. Derivatization is not encouraged in 
IRMS because it results in the addition of carbon to the sample, which could have a 
negative effect in obtaining the “true” carbon isotope ratio for the sample. The EA-IRMS 
determines the bulk carbon isotope ratio for all carbon bearing molecules in a sample. For 
example, if a sample of TBP containing a trace amount of DBP is analyzed using the EA-
IRMS, the carbon isotope ratio for carbon in both compounds is calculated by the 
instrument’s software. The EA-IRMS is unable to separate or distinguish the carbon in 
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these two compounds. For this reason, samples run on the EA-IRMS in this research must 
be in pure phase. GC-C-IRMS is compound specific, thus a sample containing both TBP 
and DBP will undergo chromatographic separation before the compounds are analyzed 
for carbon stable isotopes and the ratios calculated will correspond to a peak retention 
time which is specific to each compound. GC-C-IRMS is typically referred to as 
compound specific isotopic analysis and has a high precision of 0.3‰ (Meier-
Augenstein, 1999).  
COMBINING EXISTING TECHNOLOGIES 
The instrumentation listed above is not new to the scientific community; however, 
the development of novel techniques specific to the characterization of TBP in this work 
is original. The application of stable isotope ratio mass spectrometry has been used for 
forensic investigation (Benson et al., 2005), yet it has not been used for the 
characterization of TBP with a forensics motive. The combination of infrared 
spectroscopy, gas chromatography, solid phase extraction, and carbon stable isotope ratio 
mass spectrometry was presented in this work as a means to provide the nuclear forensics 
community with effective analytical methods to characterize TBP and its degradation 
products in aqueous media associated with the reprocessing of spent nuclear fuel, the 
processing of Pu scrap metals, and solvent disposal. 
KNOWLEDGE GAP 
The knowledge gap addressed by this dissertation is two-fold focusing on the 
chemical (kinetic and equilibrium) and physical (reaction mechanisms) effects that cause 
TBP to degrade. This dissertation will focus on the evaluation of stable isotopes in TBP 
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associated with nuclear processes that does not exist in the literature at this time. Stable 
isotope fractionation occur in TBP during these processes which are kinetically and 
thermodynamically driven. The analysis of kinetic and equilibrium isotope effects 
through theoretical calculations and experimentation is needed to determine the stable 
isotope fractionation in TBP as it degrades in simulated nuclear processes. While the 
reaction mechanisms for TBP degradation in acidic and alkaline hydrolysis are distinct, 
TBP degradation in radiolysis proceeds via cleavage of the C-O as it does in acidic 
hydrolysis (Wilkinson and Williams, 1961; Burr, 1958; Wagner, 1959; Moffat and 
Thompson, 1961). In all processes, the same degradation products are generated in 
addition to other products specific to the media used to degrade TBP (Table 2.3). The 
main degradation product in all scenarios is DBP. It is unknown whether each process 
will cause a unique stable isotope fractionation in TBP.  
This knowledge gap was addressed to determine if there is a unique stable isotope 
fractionation in TBP during its use in nuclear processes by following the research plan set 
forth in the next chapter. The work of this dissertation did not simulate radiolysis effects 
of TBP because the reaction mechanism is the same as for acidic hydrolysis.  
Table 2.3: Specific Degradation Products of TBP† 
HNO3 Hydrolysis HCl Hydrolysis NaOH Hydrolysis Radiolysis 
DBP DBP DBP/NaDBP DBP 
MBP MBP MBP MBP 
Butanol Butanol Butanol Butanol 
Butyl Nitrate Butyl Chloride Phosphoric acid 
Phosphoric acid Phosphoric acid Hydrogen gas 
Methane 
Ethane 
Propane 
Butene 
Butane 
†Some degradation products depend on the concentration/intensity of the medium. See Section 2.5 
for more detail.  
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CHAPTER THREE 
HYPOTHESES AND OBJECTIVES 
HYPOTHESES 
There are four hypotheses governing this work: 
1. The overarching hypothesis for this research is that TBP and DBP exhibit a distinct
stable isotope fractionation during acidic and alkaline hydrolysis. 
2. The different degradation mechanisms for alkaline and acidic hydrolysis (which
radiolysis shares) in TBP could have major implications on the stable isotope “signature” 
of the compound as a result of its use in nuclear reprocessing and solvent disposal. 
3. Both kinetic and equilibrium effects occur during TBP degradation in nuclear
processes that contribute to the fractionation of stable isotopes in TBP. 
4. Differences in the vibrational modes of TBP and its degradation products may be used
to develop a semi-quantitative technique to determine the extent of TBP degradation from 
FTIR-ATR measurements.   
These hypotheses were tested by calculating the theoretical fractionation of carbon and 
oxygen isotopes in TBP as a result of kinetic and equilibrium effects occurring during 
degradation in acidic and alkaline media. The theoretically predicted fractionation was 
tested using batch experiments degrading TBP in nitric acid, hydrochloric acid, and 
sodium hydroxide and by analyzing samples using an isotope ratio mass spectrometer to 
determine the carbon stable isotope ratios in TBP throughout the degradation process. 
The degradation of TBP was also monitored using a semi-quantitative technique 
developed through Fourier Transform Infrared Spectroscopy (FTIR) and Gas 
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Chromatographic (GC) analysis, both of which are useful in quantifying the degradation 
of TBP. The FTIR and GC based techniques cannot provide information on the isotopic 
distribution but were used to rapidly monitor the rate of TBP degradation. In particular, 
the FTIR technique developed in this work will be a rapid, field deployable technique to 
monitor the state of a TBP bearing sample. This new technique is necessary for the 
nuclear forensics community because the presence of tributyl phosphate in association 
with nuclear material is key evidence that reprocessing has or will occur. 
OBJECTIVES FOR THE THEORETICAL WORK  
Isotope fractionations are a result of both kinetic isotope effects (unidirectional) 
and equilibrium isotope effects (multidirectional) (Young et al 2002, Hayes 2004). 
Kinetic isotope effects (KIE) may produce a significant stable isotope fractionation in 
TBP from nuclear processing because hydrolysis and radiolysis are kinetic processes 
while equilibrium isotope effects (EIE) caused by isotopic substitution may be negligible 
in comparison. Isotopic fractionation occurring when bonds are broken or rearranged is 
the basis for KIE. KIEs are dependent on the reaction rates and reaction mechanisms of 
the chemical reaction. When a chemical reaction approaches equilibrium, the exchange of 
isotopes may occur in the same compounds and different compounds which is the basis 
for EIE. Equilibrium isotopic fractionations which are a result of EIE, is 
thermodynamically fixed and does not depend on the mechanism of the chemical 
reaction. In other words, a measured equilibrium fractionation occurring at a fixed 
temperature will never change at that temperature if equilibrium is reached in the system. 
Kinetic fractionations are also temperature-dependent because the rate of chemical 
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reactions are inherently dependent on temperature. However, regardless of the 
temperature, the reaction mechanism of TBP in nitric acid, hydrochloric acid, and sodium 
hydroxide all proceed differently. Thus, differences in the carbon and oxygen isotope 
compositions are expected in these reactions because of kinetic isotope effects. 
Theoretical calculations were performed to determine the degree of fractionation 
resulting from kinetic and equilibrium isotope effects. Further discussion of equilibrium 
and kinetic isotope effects are given in Chapter 6 as well as the methodology for 
theoretical calculations of fractionation factors.  
OBJECTIVES FOR THE EXPERIMENTAL WORK 
The experimental objective of this research is to determine the carbon stable isotope 
signatures of tributyl phosphate and its degradation products after contact with nitric acid, 
hydrochloric acid, and sodium hydroxide for the purpose of identifying if there is a 
unique carbon stable isotope signature in nuclear reprocessing and solvent disposal. In 
order to meet the experimental objective, the following instrumentation and techniques 
were used: 
 Fourier Transform Infrared Spectroscopy with Attenuated Total Reflectance
(FTIR-ATR)
 Gas Chromatography Mass Spectrometry (GC-MS)
 Gas Chromatography Flame Ionization Detection (GC-FID)
 Elemental Analyzer Isotope Ratio Mass Spectrometry (EA-IRMS)
 Gas Chromatography Combustion Isotope Ratio Mass Spectrometry (GC-C-
IRMS)
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 Solid Phase Extraction (SPE)
The FTIR-ATR peak intensity ratio technique presented in this study gives a semi-
quantitative prediction of the amount of DBP, MBP, and butanol produced in a TBP 
sample that has reacted with nitric acid, hydrochloric acid, and sodium hydroxide. Gas 
chromatography was used to verify the FTIR-ATR peak intensity ratio technique through 
concentration analysis of TBP and its degradation products. The EA-IRMS provided a 
cross reference with GC-C-IRMS data to determine if derivatizing DBP caused an 
experimental artifact in the determination of carbon stable isotope ratios. The GC-C-
IRMS provided compound specific carbon stable isotope data for TBP and DBP. Solid 
phase extraction was used with GC-C-IRMS to determine the carbon stable isotopes 
values of TBP and DBP that partitioned into nitric acid, hydrochloric acid, and sodium 
hydroxide. This provided key information on if and how the carbon stable isotope ratios 
of TBP and its degradation products were affected by exposure to nitric acid, 
hydrochloric acid, and sodium hydroxide. 
The rate of TBP degradation via alkaline hydrolysis is much greater than that of 
acidic hydrolysis and there is a greater chance that TBP will completely degrade 
transferring the total carbon and oxygen to its degradation products. In this event, it is 
less likely to see a carbon or oxygen stable isotope fractionation unless samples are 
retrieved prior to complete degradation of the TBP. A carbon and oxygen isotope 
fractionation is expected for TBP in acidic conditions because of the cleavage of the C—
O bond associated with TBP degradation under these conditions. It is more likely to 
capture a carbon and oxygen staple isotope fractionation of TBP and its degradation 
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products in acidic hydrolysis because the reaction proceeds slower and the hydrolysis is 
not often complete. This work determined whether there is a unique carbon stable isotope 
signature for TBP in nuclear reprocessing and disposal by studying the fundamental 
characteristics of TBP degradation in acidic and alkaline hydrolysis. Oxygen stable 
isotopes measurements were not performed in this work. 
GENERAL TASK DESCRIPTIONS 
The above objectives enabled the goal of this study to be met. The objectives 
address the knowledge gaps that this research seeks to fulfill. Three tasks have been 
identified to meet the objectives. Theoretical calculations of carbon and oxygen isotopic 
fractionations in TBP as a result of kinetic and equilibrium isotope effects were 
performed in Task 1. Task 2 served to examine the acidic and alkaline hydrolysis of TBP 
qualitatively and quantitatively through the analysis of samples on the FTIR-ATR and 
through the use of gas chromatography. A peak intensity ratio technique was developed 
specifically for TBP degradation in nitric acid and sodium hydroxide using the FTIR-
ATR. FTIR-ATR techniques were verified using gas chromatography in the study of 
alkaline hydrolysis. Task 3 aimed to determine if there is a unique carbon isotope 
signature for TBP associated with nuclear reprocessing and solvent disposal by 
evaluating the carbon isotopic abundances of TBP throughout acidic and alkaline 
hydrolysis reactions. The theoretical and experimental task required to achieve the goal 
of this dissertation are summarized in Table 3.1 along with brief task descriptions. 
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Table 3.1 Task Descriptions 
Task No. & Title Task Description 
1. Theoretical
Calculations
 Used the theory of kinetic and equilibrium
isotope effects to calculate carbon and
oxygen isotopic fractionations in TBP
2. FTIR-ATR Peak
Intensity Ratio
Technique 
 Degraded TBP in HNO3, HCl, and NaOH
under reflux and high temperature.
 Measured TBP on the FTIR-ATR and GC-
FID throughout hydrolysis reactions.
 Simulated TBP degradation (i.e. making
mixtures of TBP/DBP and TBP/butanol)
and develop FTIR-ATR peak intensity
ratio technique.
 Determined the extent of TBP degradation
using the FTIR-ATR peak intensity ratio
technique and verify with gas
chromatography.
3. Carbon Stable
Isotopes of TBP
 Determined the effects of derivitizing
DBP by cross-referencing EA-IRMS
measurements of DBP with that of GCC-
IRMS.
 Determined the carbon stable isotope
ratios of different manufactured products
of TBP.
 Determined the carbon stable isotope ratio
of TBP and degradation products
throughout acidic and alkaline hydrolysis
reactions in both organic and aqueous
phases.
OVERVIEW 
Chapters 4 through 7 elucidate the theory and experimental results of the 
objectives and tasks listed above. Chapters 4 and 5 reflect Task 2 of Table 3.1 and have 
been published in the Journal of Radioanalytical and Nuclear Chemistry. Chapters 6 and 
7 consists of Task 1 and 3, respectively. The final chapter provides a summary with 
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implications of the research as well as a path forward for future research. Supporting 
information is available in the Appendices.   
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CHAPTER FOUR 
RAPID QUANTIFICATION OF TBP AND TBP DEGRADATION PRODUCT 
RATIOS BY FTIR-ATR 
ABSTRACT 
Tri-n-butyl phosphate (TBP) is the key complexant within the Plutonium and 
Uranium Reduction Extraction (PUREX) process used to extract uranium and plutonium 
from used nuclear fuel.  During reprocessing TBP degrades to dibutyl phosphate (DBP), 
butyl acid phosphate (MBP), butanol, and phosphoric acid over time. A method for 
rapidly monitoring TBP degradation is needed for the support of nuclear forensics. 
Therefore, a Fourier Transform Infrared Spectrometry-Attenuated Total Reflectance 
(FTIR-ATR) technique was developed to determine approximate peak intensity ratios of 
TBP and its degradation products. The technique was developed by combining variable 
concentrations of TBP, DBP, and MBP to simulate TBP degradation. This method is 
achieved by analyzing selected peak positions and peak intensity ratios of TBP and DBP 
at different stages of degradation. The developed technique was tested on TBP samples 
degraded with nitric acid.  In mock degradation samples, the 1235 cm-1 peak position 
shifts to 1220 cm-1 as the concentration of TBP decreases and DBP increases.  Peak 
intensity ratios of TBP positions at 1279 cm-1 and 1020 cm-1 relative to DBP positions at 
909 cm-1 and 1003cm-1 demonstrate an increasing trend as the concentration of DBP 
increases. The same peak intensity ratios were used to analyze DBP relative to MBP 
whereas a decreasing trend is seen with increasing DBP concentrations. The technique 
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developed from this study may be used as a tool to determine TBP degradation in nuclear 
reprocessing via a rapid FTIR-ATR measurement without gas chromatography analysis. 
INTRODUCTION 
Tri-n-butyl phosphate (TBP) is the key extractant within the Plutonium and 
Uranium Reduction Extraction (PUREX) process used to extract uranium and plutonium 
from used nuclear fuel.   TBP is also prevalently used in nonnuclear hydrometallurgical 
applications, as an anti-forming agent, plasticizer, polymerization catalyst, antioxidant, 
insecticide, fire retardant, and corrosion inhibitor among many other industrial 
applications (Schulz et al., 1984). Its chemical nature is robust which makes it resilient in 
withstanding the harsh environment of spent fuel reprocessing. However, degradation to 
dibutyl phosphate (DBP), butyl acid phosphate (MBP), butanol, and phosphoric acid 
occur over time during reprocessing operations. A system of TBP, DBP, and MBP will 
still provide adequate extraction of plutonium given the concentration of DBP and MBP 
are <1mM (Shevchenko et al., 1958).  To prevent any interference with the separations, 
the DBP and MBP degradations products are typically removed using a carbonate strip 
prior to recycling the TBP.  Because of its common use in nuclear reprocessing, TBP 
may act as a secondary indicator (considering U and Pu as primary) of a signature 
associated with nuclear reprocessing.  
Examination of TBP and degradation products may provide new nuclear forensics 
tools, which can be used in the characterization of intercepted materials. Degradation 
primarily occurs through breakage of the carbon-oxygen bonds resulting in the formation 
of butanol and either DBP, MBP, or phosphate. Degradation mechanisms of non-
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carboxylic acid esters have been studied thoroughly (Blumenthal et al., 1945). Many have 
agreed that in the case of phosphate esters such as TBP, acid hydrolysis will cleave the C-
O bond whereas alkaline hydrolysis will attack the P-O bond (Schulz et al., 1984). It has 
been argued that acidic hydrolysis of TBP occurs only at low acid concentrations (< 2 M) 
and dealkylation is invoked at high acid concentrations (2 – 5 M), which results in the 
cleavage of the C-O bond (Moffat et al., 1961). A new method is proposed wherein 
degradation of TBP present on an intercepted sample can be used as a short-term 
chronometer. Heat, environmental conditions (heat and humidity) along with alpha 
radiolysis may facilitate the degradation of TBP in a manner that can be used as a short-
term chronometer. Having additional chronometers beyond the daughter product 
ingrowth techniques is desirable since many radionuclide chronometers can be “fooled” 
through the addition of other isotopes.  
The proposed method above will require a rapid and detailed analysis of the state 
of TBP degradation within a system. This paper presents a technique that will 
approximate TBP % degradation using FTIR peak positions and peak intensity ratios. 
Although recent work proves that TBP analysis using gas chromatography can be done at 
micro-level concentrations (Dicholkar et al., 2012) this technique provides rapid analysis 
of TBP degradation avoiding timely quantification by such methods. Tributyl phosphate, 
DBP, and MBP have distinct spectra with both identical and unique peaks. In this work, 
the peaks which primarily correspond to phosphorous-oxygen-carbon vibrational modes 
are exploited as discussed below. As TBP is degraded, these modes show the most 
overall change and thus can be used for this purpose.  Linear trends were developed by 
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calculating peak intensity ratios of various mixtures of TBP, DBP, and MBP. Other 
degradation products of TBP are not considered in this study. To test these results, TBP 
was reacted with 1 M and 8 M nitric acid (HNO3) at a temperature of 68±5
oC to induce 
degradation. Samples were retrieved from the reactions at various times. The degradation 
of TBP was determined using the developed FTIR-ATR peak ratio technique. 
EXPERIMENTAL  
PREPARATION OF TBP DEGRADATION STANDARDS 
TBP (EMD Chemical, Inc.) and DBP (Acros) were used to make the initial 
degradation standards. Three standards were made by varying the concentration of both 
solvents and two standards were the pure solvent itself. TBP and DBP standards were 
prepared with the following percent concentrations: 100% TBP, 75% TBP and 25% DBP, 
50% TBP and 50% DBP, 25%TBP and 75% DBP, and 100% DBP. The same 
concentration schemes were used in preparing DBP and MBP (Sigma-Aldrich) standards. 
The standards were analyzed on a Thermo-Scientific FTIR (Nicolet 6700) equipped with 
a Smart-iTR crystal. Spectra were collected using 32 scans at 0.1 cm-1 resolution timing 
exactly 47 seconds per run. To ensure that the peak intensities did not change based on 
variations in adding the sample on the ATR crystal, the same solution was applied and 
measured multiple times resulting in little net change in the peak intensities. Thus in the 
peak intensity ratio measurements discussed below, potential artifacts from sample 
deposition on the crystal were negligible.  
FTIR-ATR PEAK RATIO TECHNIQUE DEVELOPMENT 
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The peaks of interest were selected based on their differences in intensity (% 
Transmission) and their consistency in position (wavenumbers, cm-1). Peak ratios were 
chosen based on the spectrum of variable concentrations of TBP, DBP, and MBP (Figure 
4.1 and 4.4). In comparing the spectra of degradation standards of TBP, DBP, and MBP, 
it can be seen that peaks at 909 cm-1, 1020 cm-1, and 1059 cm-1 vary in intensity and 
peaks at 978 cm-1, 1003 cm-1, and 1279 cm-1 vary in position and shape. Two positions 
were selected where peaks demonstrated a shift as the concentration of TBP decreased 
from 100% to 0%. The first region of position shifts are from 771±2 cm-1 to 785±2 cm-1 
and the second region of position shifts are those from 1205±2 cm-1 to 1235±2cm-1
(Figure 5.2). The exact peaks selected to develop the FTIR-ATR technique are 909.3 cm-
1, 978.2 cm-1, 1003.3 cm-1, 1020.2 cm-1, 1059.227 cm-1, and 1279.076 cm-1. Peak 
intensity ratios were calculated using these exact positions.  
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Figure 4.1: FTIR-ATR spectra of TBP-MBP mixtures. Spectra are collected for TBP: DBP mixtures 
starting 100% TBP and decreasing to 100% DBP then for DBP: MBP mixtures starting from 100% DBP 
and decreasing to 100% MBP with no TBP present. The TBP: DBP spectra start from the highest 
transmittance at < 1200 cm-1 and decrease in intensity as the DBP concentration increases. Then the DBP 
fraction reaches 100% in TBP: DBP, the TBP was removed and the spectra of DBP: MBP mixtures begins 
and the continued trend of decreasing intensity continues. 
P-O-C
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P-O-(C) stret./CH
3
 wagging 
(C)-O-P 
in phase 
(C)-O-P 
out phase 
P=O 
P=O 
Legend: 
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100% DBP 
100% MBP 
100% TBP 100% DBP 
100% MBP 
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A. 
Figure 4.2: FTIR-ATR spectra of TBP: DBP and DBP: MBP mixture across the 770-785 cm-1 region (A.) 
and 1205—1235cm-1 region (B.).  Spectra are collected for TBP: DBP mixtures starting 100% TBP and 
decreasing to 100% DBP then for DBP: MBP mixtures starting from 100% DBP and decreasing to 100% 
MBP with no TBP present. The TBP: DBP spectra start from the highest transmittance at < 1200 cm-1 and 
decrease in intensity as the DBP concentration increases. Then the DBP fraction reaches 100% in TBP: 
DBP, the TBP was removed and the spectra of DBP: MBP mixtures begins and the continued trend of 
decreasing intensity continues. 
100% TBP 
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100% MBP 
100% 
100% 
DBP
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ACIDIC HYDROLYSIS OF TBP USING 8 M HNO3
TBP degradation was simulated by heating pure TBP in 8 M HNO3. Nitric acid 
(Fisher Scientific) was diluted from reagent grade to a concentration of 8 M. Ten 
milliliters of TBP was combined with 10 mL of 8 M HNO3 in a 50 mL single-neck round 
bottom flask with a magnetic stir bar. The flask was connected to a 300 mm water-cooled 
Liebig Condenser at 4 oC. The flask was situated on a 100 mL heating mantle, which was 
filled with sand to adequately distribute heat to the flask. The temperature of the 
aqueous/organic mixture was held at 68±5 oC. The heating mantle was placed on a stir 
plate to magnetically stir the sample. The reaction was held over 35 days and samples of 
the organic phase were periodically removed for FTIR-ATR analysis. Tributyl phosphate 
was reacted with 1 M HNO3 for about 3 days under very similar conditions as described 
above. These samples were also analyzed using the FTIR-ATR technique. 
RESULTS AND DISCUSSION 
FTIR-ATR PEAK POSITIONS AND PEAK INTENSITY RATIO TRENDS 
Representative spectra of TBP, DBP, and MBP are shown in Figure 4.1. While 
the three compounds exhibit expected vibrational modes corresponding to phosphorus-
oxygen-carbon vibrations, there are notable shifts, which make the spectra for each 
compound unique. These changes can be seen by comparing the evolution of the spectra 
as the system changes from 100% TBP to 100% DBP and then from 100% DBP to 100% 
MBP.  Previous studies have confirmed the infrared assignments for TBP and DBP 
(Schulz et al., 1984; Powell et al., 2003). A summary of peak assignments for bond 
vibrations is given in Table 5.1 (Schulz et al., 1984; Powell et al., 2003; Powell, 2001). 
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The distinct properties of TBP and it degradation products are mostly attributed to its 
phosphoryl vibration frequency hence this study used corresponding peaks to characterize 
the degradation of TBP. In order to clearly identify the peak position and intensity 
changes, specific regions of interest are highlighted and discussed below. 
Table 4.1 Peak positions and vibrational mode assignments for FTIR spectra of TBP, DBP, and MBP 
Frequency [cm-1] 
Mode TBP DBP MBP* Peak positions used in this work 
P-O-C symmetric 7721 7766 785 770-785
Unassigned 978* 988* 994 978 
P-O-(C) stretch/CH3 wagging 9101 9146 911 909 
Unassigned 10071 1003* 994 1003 
C-O-(P) in phase 10281 10326 1022 1020 
C-O-(P) out of phase 10611 10636 1057 1059 
P=O 1235** 12346 1221 1205-1235 
P=O 12821 - - 1279 
1Reference [Schulz et al., 1984] 
6Reference [Powell et al., 2003] 
*Assigned based on comparison of other TBP and DBP peak positions.
**Unassigned in reference, 1235cm-1 peak observed claimed as unbound P=O in reference [Powell et al., 2003] 
Changes in TBP: DBP ratios were characterized by shifts in the peak positions 
between the regions of 770 cm-1 to 785 cm-1 and 1205 cm-1 to 1235 cm-1. These positions 
demonstrated a consistent shift as the percent concentration of DBP increased for TBP: 
DBP mixtures and as the DBP concentration decreased for DBP: MBP mixtures. A 
similar trend was observed for the 1205-1235 cm-1 region where the peak position 
decreased from 1235 cm-1 in a system with 100% TBP to 1218 cm-1 in a system with 
100% DBP and further to 1205 cm-1 for a system with 100% MBP. Each of these shifts 
showed consistent, linear trends when plotted against each other as shown in Figure 4.3. 
A summary of the linear regression lines through each dataset is shown in Table 4.2. The 
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relationships showed strong linearity with R2 values greater than 0.90, with the exception 
of one.  
Figure 4.3. Linear trends for peak position region 770-785 cm-1 (a) and peak position region 1205-1235 cm-
1 (b). Peak positions for DBP/MBP mixtures are decreasing as peak positions for DBP/TBP positions are 
increasing with increasing DBP concentration. 
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Table 4.2 Summary of linear regression for peak intensity ratios and peak positions 
Chemical Species Ratio Position region cm-1 Slope Intercept R2 
1 0.000117 0.0111 0.99 
DBP/TBP 2 4.99E-05 0.0136 0.95 
3 0.000863 1.3336 0.93 
770-785 0.063638 772.26 0.96 
1220-1235 0.125352 1206.3 0.96 
1 -7.1E-06 0.0231 0.24 
DBP/MBP 2 -2.9E-05 0.0212 0.98 
3 -0.00262 1.7072 0.94 
770-785 -0.06943 784.41 0.92 
1220-1235 
-0.15814 1235.6 0.97 
The peak intensity decreased as the DBP percentage increased in TBP: DBP 
mixtures and as the DBP percentages decrease in DBP: MBP mixtures. The linear trends 
observed from both of these plots can be used to quantitatively determine the relative 
TBP, DBP, and MBP content. However, since no experiments were performed with TBP: 
MBP mixtures or mixtures of all three analytes, there is significant uncertainty with these 
analyses. Although it is expected to be rare in a real sample, the possibility of TBP and 
MBP could be present in a sample without DBP. Therefore, a more complicated spectrum 
may be found. Thus, these relationships shown in Figure 4.3 across 770-785 cm-1 and the 
1205-1235cm-1 positions may be used to qualitatively determine whether the system is 
dominated by TBP, DBP, or MBP. As will be discussed below, knowing whether a 
system is dominated by TBP, DBP, or MBP can help to select whether to use a linear 
regression equation based on TBP:DBP systems or DBP:MBP systems for the peak 
intensity ratio measurements discussed below. The two position regions give a broad shift 
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wherein TBP degrades to DBP which degrades to MBP. A spectrum of used TBP would 
presumably demonstrate a peak within these regions giving an indication of how much 
degradation has occurred. If the peak is within the 1220-1235cm-1 region, the assumption 
that the sample is a TBP/DBP system is valid. A peak position ranging from 778-785cm-1 
indicates a DBP/MBP system wherein TBP is near depletion.  
In Figure 4.4, changes in the overall intensity of vibrational modes were observed 
at several peak positions. These intensity differences correlate with changes in the TBP: 
DBP ratio or DBP: MBP ratio in the system. The primary peak positions where changes 
in intensities were observed are 978 cm-1, 1003 cm-1, 1020 cm-1, 1059 cm-1, and 1279 cm-
1. These positions primarily correspond to P-O-C or P=O vibrational modes as noted in
Table 5.1. However, some peaks have not been identified in the literature and are listed as 
unassigned in Table 4.1. Assignments for the MBP vibrational modes could not be 
located so the assignments for MBP listed in Table 4.1 are based on comparison of 
relative peak positions between TBP, DBP, and MBP.   
Peak intensity ratios used to determine linear trends as a function of % DBP 
concentration are as follows. 
111 100310591020
/)/(  cmcmcm III (1) 
111 10599781020
/)/(  cmcmcm III (2) 
)//()/( 1111 100390910201279  cmcmcmcm IIII (3)
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Figure 4.4: FTIR spectrum for peaks of interest for TBP/DBP and DBP/MBP mixtures. Spectra are 
collected for TBP: DBP mixtures starting 100% TBP and decreasing to 100% DBP then for DBP: MBP 
mixtures starting from 100% DBP and decreasing to 100% MBP with no TBP present. The TBP: DBP 
spectra start from the highest transmittance at < 1200 cm-1 and decrease in intensity as the DBP 
concentration increases. Then the DBP fraction reaches 100% in TBP: DBP, the TBP was removed and the 
spectra of DBP: MBP mixtures begins and the continued trend of decreasing intensity continues. 
TBP and DBP standard peak ratio trends were plotted along with DBP and MBP 
standard peak ratio trends using a linear regression model. Table 4.2 summarizes the 
linear regression models for the peak intensity ratios along with both peak position 
regions 770-785 cm-1 and 1220-1235 cm-1.    
The DBP and MBP peak intensity ratio trends are shown to decrease with 
increasing % DBP concentrations, whereas the TBP and DBP peak ratio trends increase 
with increasing % DBP concentration.  This relationship is illustrated in Figure 4.5.  
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Figure 4.5: Peak ratio plots based on equations 1 (a), 2 (b), and 3 (c).  The relationship based on equation 
ratio one demonstrates an increasing linear trend with the increasing percent DBP concentrations for the 
DBP/TBP system and a decreasing linear trend with the increasing percent DBP concentration for the 
DBP/MBP system. The relationship based on equation ratio two demonstrates DBP and MBP peak ratio 
trends decreasing with increasing percent DBP concentrations and TBP and DBP peak ratio trends 
increasing with increasing percent DBP concentration. The relationship based on equation three gives a 
similar trend as peak ratio two. DBP and MBP peak ratio trends decrease with increasing percent DBP 
concentrations and TBP and DBP peak ratio trends increase with increasing percent DBP concentration. 
P
ea
k
 i
n
te
n
si
ty
 r
a
ti
o
% DBP
(𝐼1020⁄𝐼1059 ):𝐼1003 
DBP/TBP
DBP/MBP
DBP/TBP
regression
DBP/MBP
regression
P
ea
k
 i
n
te
n
si
ty
 r
a
ti
o
% DBP concentration
(𝐼1020⁄𝐼978 ):𝐼1059 
DBP/TBP
DBP/MBP
DBP/TBP
regression
DBP/MBP
regression
P
ea
k
 i
n
te
n
si
ty
 r
a
ti
o
% DBP concentration
(𝐼1279⁄𝐼1020 ):(𝐼909⁄𝐼1003 )
DBP/TBP
DBP/MBP
DBP/TBP
regression
DBP/MBP
regression
A. 
B. 
C.
49 
Once the system was identified using the peak positions mentioned above, the 
peak intensity ratios may be used as further analysis of the sample. The peak intensity 
ratios were used to normalize the principal peaks of the TBP, DBP, and MBP spectra. 
Most of these peaks correspond to the phosphoryl frequencies, which are dominant in the 
reaction chemistry of TBP.  The ratios of these peaks will aid in determining the bond 
chemistry of degraded TBP samples. Ratio 1 is the quantity of the 1020cm-1 position 
relative to the 1059 cm-1 position compared to the 1003 cm-1 position. The first two 
positions demonstrate intensity shifts in the degradation standards while the last position 
changes in intensity and form.  Ratio 2 is the quantity of the 1020cm-1 position relative to 
the 978 cm-1 position compared to the 1059 cm-1 position.  All three peaks show a 
decrease in intensity as TBP degrades to DBP and DBP to MBP. The 978 cm-1 peak 
defined in pure TBP consistently shifts to the 994 cm-1 position as MBP is introduced in 
the spectra. Ratio 3 is the quantity of the 1279 cm-1 peak relative to the 1020 cm-1 peak 
compared to the quantity of the 909 cm-1 peak relative to the 1003 cm-1. The 1279 cm-1 
position shows a peak in the TBP spectra which diminishes as the concentration of TBP 
depletes. Both the 909 cm-1 and 1020 cm-1 position have consistent peaks varying only in 
intensity. The 1003 cm-1 position varies in position and form. Normalizing intensity 
dependent peaks along with position dependent peaks provided linear trends, which may 
be used to characterize a degraded TBP sample and understand the bond chemistry 
associated with TBP degradation. 
Acidic hydrolysis of TBP has been proven to cleave the C-O bond whereas 
alkaline hydrolysis has been suggested to cleave the P-O bond of TBP (Schulz et al., 
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1984). The characterization of an actual degraded sample of TBP will validate our 
assumptions of quantifying TBP degradation using the described FTIR-ATR technique. 
This study does not seek to determine degradation mechanisms of TBP in acidic 
solutions. Because TBP is known to degrade in acid, nitric acid was used to degrade TBP 
for the purpose of applying the FTIR-ATR technique to provide a semi-quantitative 
analysis of TBP degradation.    
A strong advantage to calculating peak intensity ratios and using the ratios and 
peak positions to estimate % TBP degradation is having information on the sample of 
interest. Different solutions in contact with TBP will influence the degradation of TBP 
differently. It is important to have some insight on what the used TBP sample has been in 
contact with and how this may manipulate its degradation. For example, TBP degradation 
in nitric acid depends on the concentration of nitric acid. Figure 4.6 shows the spectra of 
three TBP samples: pure TBP, TBP in contact with 1 M HNO3, and TBP in contact with 
8 M HNO3, respectively. There are a few areas that will influence the use of the 
developed FTIR-ATR technique based on a visual examination of the spectra.   
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Figure 4.6. Spectra of pure TBP, TBP in contact with 1 M HNO3, and TBP in contact with 8 M HNO3 (top 
to bottom). The 1235 cm-1 position (P=O) is annihilated by the presence of nitric acid. The presence of 
nitric acid in TBP causes the 1235 cm-1 peak position to be removed from our region of interest (1205cm-
1—1235 cm-1), which implies that the peak position within this region cannot be used to properly 
characterize TBP degradation based on developed FTIR-ATR technique. The 978 cm-1 peak position shows 
a strong change in shape with increased HNO3 concentration. This position is used in ratios 2 and 3, 
however because the peak at this position elutes into the 1003 cm-1, it will affect ratio 1 as well. The 770 
cm-1 position is effective in characterizing TBP degradation in the TBP sample in contact with 1 M HNO3
however, this position of interest for the TBP in contact with 8 M HNO3 is beyond our 770-785 cm-1 region
of interest.
The peak at the 1235 cm-1 position (P=O) was removed by the presence of 8 M 
nitric acid. This peak changed into a much larger peak with the increased concentration 
of HNO3. This illustration implied that the degree of P=O degradation in TBP is 
dependent on the strength of HNO3. The presence of 8 M nitric acid in TBP caused the 
1235 cm-1 peak position to be removed from our region of interest (1205cm-1—1235 cm-
1), which implied that the new peak position cannot be used to properly characterize TBP 
degradation based on the developed FTIR-ATR technique. Thus, the technique was 
1235 cm
-1
978 cm
-1TBP/8M HNO
3
TBP/1M HNO
3
100% TBP 
770 cm
-1
100% TBP 
TBP/1M HNO
3
TBP/8M HNO
3
Legend: 
100% TBP 
TBP/1M HNO
3
TBP/8M HNO
3
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adjusted by briefly reacting TBP, DBP, and MBP with 8 M HNO3 and reproducing the 
degradation standards to compensate for the influence of a high concentration of nitric 
acid in the sample (Figure 4.7). The peak intensity ratios were therefore reexamined and a 
more accurate analysis of the sample was performed.  The 770 cm-1 position is effective 
in characterizing TBP degradation in the TBP sample in contact with 1 M HNO3 
however, this position for the TBP in contact with 8 M HNO3 is beyond the 770-785 cm
-1 
region of interest. The solution for the issues encountered when analyzing the TBP 
sample in contact with 8 M HNO3 is discussed below. 
Figure 4.7. Spectra of degradation standards for TBP/DBP and DBP/MBP mixtures specific to 8 M HNO3. 
The 1235 cm-1 peak position of the pure TBP is replace by a ~1200cm-1 peak when the TBP is in contact 
with 8 M HNO3. As the system moves from TBP/DBP to DBP/MBP, the peak completely disappears. Also 
notice the 770 cm-1 peak position for pure TBP is skewed by the presence of 8 M HNO3. Spectra are 
collected for TBP: DBP mixtures starting 100% TBP and decreasing to 100% DBP then for DBP: MBP 
mixtures starting from 100% DBP and decreasing to 100% MBP with no TBP present. The pure TBP 
spectrum starts from the highest transmittance at < 1200 cm-1.  
Legend: 
Decreasing concentration 
100% TBP 
100% DBP  
100% MBP 
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Ratio 1 provided the most reasonable characterization of TBP degradation for 
both TBP samples in contact with 1 M HNO3 and 8 M HNO3. The results using this ratio 
are reasonable according to what is known about the sample process. Also because we 
know under which conditions this experiment was conducted and we know the starting 
material, we can infer that the system is TBP/DBP dominant and that degradation to 
MBP has not occurred or is negligible. Much information is not always known for an 
actual sample, therefore scientific discernment should be used with great caution when 
approximating TBP degradation using the developed FTIR-ATR technique. The TBP 
sample in contact with 8 M HNO3 degraded to 8% DBP in the first four hours. This 
degradation persisted and reached 47% DBP production in five weeks. Table 4.3 gives 
the calculated peak intensities using ratio 1 and the corresponding % DBP produced 
based on the linear regression as a function of time. This sample was re-characterized 
using the aforementioned adjusted FTIR-ATR technique specific for a sample with 
excess nitrate. Table 4.4 reevaluates the % DBP produced using both ratios 1 and 2. Ratio 
3 provides unfavorable results based on what is known about the sample. Ratios 1 and 2 
show a strong correlation and should be valued over the initial ratio 1 (Table 4.3) which 
does not account for excess nitrate in the sample. Table 4.5 summarizes the peak intensity 
ratio linear trends for the degradation standards specific to 8 M HNO3. 
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Table 4.3 Peak intensity ratio 1 of TBP in contact with 8 M HNO3 
(𝐼1020⁄𝐼1059 ):𝐼1003 
Time (hr) Ratio 1 % DBP 
4 0.0121 8.13 
12 0.0122 9.25 
24 0.0130 16.14 
30 0.0131 17.27 
36 0.0132 18.24 
48 0.0138 23.05 
840 0.0167 47.61 
Table 4.4 Peak intensity ratios of TBP with 8 M HNO3  
(𝐼1020⁄𝐼1059 ):𝐼1003 (𝐼1020⁄𝐼978 ):𝐼1059 
Time Ratio 1 % DBP Ratio 2 % DBP 
4 0.0121 9.74 0.00785 12.30 
12 0.0122 11.24 0.00797 13.81 
24 0.0130 20.47 0.00856 21.05 
30 0.0131 21.97 0.00866 22.15 
36 0.0132 23.27 0.00879 23.76 
48 0.0138 29.71 0.00908 27.35 
840 0.0167 62.59 0.01287 73.42 
The TBP in contact with 1 M HNO3 demonstrated less production of DBP 
compared to TBP in contact with 8 M HNO3. The values of the peak intensities 
calculated using ratio 1 are given in Table 4.6. The TBP degraded producing 8% of DBP 
within the first two days and 25% DBP after 20 days of the reaction. The TBP/DBP 770-
785 cm-1 peak position linear regression model was consistent with that of the peak 
intensity ratios. The peak position in the 770-785 cm-1 region of interest was constant at 
772.85 cm-1 through the extent of the reaction which estimated a 9.16% DBP production. 
The FTIR-ATR peak intensity ratio and position technique for the semi-quantitative 
degradation of TBP was developed under “ideal” degradation parameters of TBP to DBP 
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and DBP to MBP. This technique may be applied to degraded TBP samples with the use 
of sound judgment and provided information on chemicals/materials in contact with TBP. 
Also it is preferable to compare the results with common analytical tools such as gas 
chromatography. 
Table 4.5 Reevaluation of degradation standards using 8 M HNO3 
Chemical species Ratio Slope Intercept R2 
DBP/TBP 1 8.74E-05 0.0112 0.97 
2 8.22E-05 0.0068 0.93 
3 -3.21E-03 1.9291 0.98 
DBP/MBP 1 -1.53E-05 0.0219 0.95 
2 -2.36E-05 0.0183 0.96 
3 1.58E-03 1.4856 0.93 
Table 4.6 Peak intensity ratios of TBP in contact with 1 M HNO3 
(𝐼1020⁄𝐼1059 ):𝐼1003 
Time (hr) Ratio 1 % DBP 
1 0.01183 7.26 
31 0.01193 8.29 
50 0.01200 9.00 
75 0.01222 11.22 
Due to the lack of agreement of ratio 3 in analyzing both TBP samples and the 
strong shifts in the TBP and daughter product spectra when contacted with 8 M HNO3, it 
is clear that this technique can be further refined. Future work will focus on the 
characterization of the unassigned peaks in Table 4.1 to assist in the inference of specific 
degradation pathways. Additionally, based on the experiments with 8 M HNO3, it is clear 
that excess nitrate could be dissolving into TBP and degradation products and altering the 
spectra in ways not observed in the mock degradation samples used to generate the linear 
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regression analyses in Table 4.2. Therefore, further work was done to examine the 
influence of 8 M HNO3 on these systems.    
CONCLUSION 
In this work, a rapid technique was developed which can estimate the percent 
composition of DBP in a used TBP sample. The technique is based on FTIR-ATR 
analyses of the samples and characterization in either the peak positions or peak intensity 
ratios of dominant phosphoryl vibrational modes. As TBP was degraded to DBP and 
MBP, these dominant vibrational modes underwent consistent shifts in position and 
intensity. These shifts were quantified and fitted to empirical-linear relationships, which 
can be used to semi-quantitatively monitor TBP degradation. Since FTIR techniques are 
inherently non-quantitative, the method calculating peak intensity ratios for various 
vibrational modes provides an internal normalization to the sample and allows 
quantitative analysis of the percent abundance of each species. It is however noteworthy 
that this technique cannot be used to calculate total concentrations of each species. It is 
also noteworthy that butanol and phosphoric acid (other degradation products of TBP) are 
not considered in this technique. The technique was applied to the analysis of samples 
taken through a mock degradation scenario where TBP was degraded using 1 M and 8 M 
HNO3. 
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CHAPTER FIVE 
A NOVEL TECHNIQUE FOR THE RAPID DETERMINATION OF 
TRIBUTYL PHOSPHATE DEGRADATION FROM ALKALINE HYDROLYSIS IN 
AQUEOUS AND ORGANIC PHASES USING FTIR-ATR AND VERIFICATION OF 
THIS TECHNIQUE BY GAS CHROMATOGRAPHY 
ABSTRACT 
This paper details a semi-quantitative method for determining tributyl phosphate 
(TBP) degradation from alkaline hydrolysis using FTIR-ATR accompanied by GC 
verification and provides a method to extract TBP from aqueous media associated with 
its use in nuclear reprocessing. The amount of TBP determined by GC decreases from 
95% to 36% after approximately 4 ½ hours in the reaction. TBP present in the organic 
phase predicted by the FTIR-ATR technique shows that TBP decreases from 97% to 
42%. Up to 15% of TBP and 40% of DBP were extracted from the precipitate based on 
the extraction recoveries determined.     
INTRODUCTION 
Tributyl phosphate (TBP) becomes degraded after repeated use in the Plutonium 
and Uranium Reduction Extraction (PUREX) Process, which uses TBP to recover 
plutonium and uranium from spent nuclear fuel in nuclear reprocessing. After repeated 
use, TBP degrades to dibutyl phosphate (DBP), monobutyl phosphate (MBP), phosphate, 
and/or butanol. DBP forms strong complexes with zirconium, a fission product, as well as 
uranium and plutonium (Uetake, 1989). Formation of U-DBP complexes is problematic 
as it can result in the formation of an insoluble yellow solid even under acidic conditions 
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(Powell et al., 2003; Krutikov et al., 1970; Teterin et al., 1971). These complexes with 
DBP prevent the full recovery of both actinides from spent fuel and the formation of U-
DBP precipitates is a criticality hazard. DBP and MBP can be removed with a sodium 
bicarbonate wash or TBP may be discarded after its use in the PUREX process by a 
caustic treatment involving 19 M or 12.5 M sodium hydroxide (Healy, 1976; Manohar et 
al., 1999; Pente et al., 2008; Schulz et al., 1984). The purpose of this caustic treatment is 
to degrade the organic phase from reprocessing for subsequent disposal. Heating a 20% 
TBP solution in kerosene at 120-130 oC with 19 M NaOH produced rapid degradation of 
TBP (Healy, 1976). The hydrolysis of TBP was observed to occur in the aqueous phase 
and after 7-8 hours, 90% of the DBP and less than 10% of the MBP was found in the 
aqueous phase (Healy, 1976). Manohar et al. (1999) applied a caustic treatment to 30% 
TBP with dodecane diluent using 12.5 M NaOH. This study reported complete hydrolysis 
of TBP and the formation of sodium salts of DBP. Others studies have also evaluated the 
use of 12.5 M NaOH for the management of spent solvent (Pente et al., 2008; Raj et al. 
2006).  
The goal of this work is to demonstrate a rapid, FTIR-ATR based method for 
monitoring the degradation of TBP to butanol during alkaline hydrolysis. The FTIR-ATR 
method was initially calibrated to determine the fraction of TBP and butanol in an 
organic phase by evaluating changes in FTIR peak ratios based on the positions and 
intensity for different mixtures of TBP and butanol.  Then the FTIR technique was used 
to quantify the degradation of TBP in 12.5 M NaOH. The predictions from the FTIR 
analysis were confirmed using gas chromatography. Because the alkaline hydrolysis of 
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TBP occurs in the aqueous phase (Schulz et al., 1984; Blumenthal and Herbert, 1945), 
this paper also describes a method to extract TBP from sodium hydroxide using solid 
phase extraction. The solid phase extraction method is also used to determine the content 
of a precipitate that formed as TBP was degraded by NaOH at 108 oC. The determination 
of TBP degradation in NaOH and the development of a method for determination of TBP 
and DBP concentrations in aqueous systems may provide new tools for monitoring 
activities related to PUREX processes.    
MATERIALS AND METHODS 
MATERIALS 
Tributyl phosphate (99.0%), methyl tert-butyl ether (MtBE) (>99.99%), and 60 
Angstrom silica gel were purchased from EMD Chemical, Inc in Gibbston, NJ. Dibutyl 
phosphate (97%), butanol (99.4%), and heptane (>99.99%) were purchased from Acros 
Organics in Pittsburg, PA.  Diethylene glycol monoethyl ether (carbitol), 45% wt. 
potassium hydroxide, 50% wt. sodium hydroxide, N-methyl-N-nitroso-p-
toluenesulfonamide (diazald), and a diazomethane generator were purchased from Sigma-
Aldrich in St. Louis, Missouri.  Bond Elut PPL 1 mL cartridges with 100 mg bed mass 
were purchased from Agilent in Santa Clara, CA. 
TBP AND BUTANOL PREPARATION FOR FTIR-ATR 
TBP and butanol in pure phases and mixtures (75%/25% TBP/butanol, 50%/50%, 
and 25%/75%) were analyzed using a Thermo Nicolet 6700 FTIR spectrometer with a 
smart iTR single bounce, diamond ATR cell (32 scans at 0.2 cm-1 resolution). The 
volume of each mixture was 100 microliters. For example, the 75%/25% TBP/butanol 
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mixture contained 75 microliters of TBP and 25 microliters of butanol. The TBP and 
butanol mixture pattern was repeated with the addition of 100 microliters of 12.5 M 
NaOH for approximately 5 minutes to determine if the sodium hydroxide had a strong 
influence on the spectra of the mixtures. To ensure that the peak intensities did not 
change based on variations in adding the sample on the ATR crystal, the same sample 
was applied and measured multiple times resulting in little net change in the peak 
intensities. Thus in the peak intensity ratio measurements discussed below, potential 
artifacts from sample deposition on the crystal were negligible.  
SELECTION OF PEAK POSITIONS 
A total of 6 peaks (Table 5.1) were selected for this study based on their 
differences in intensity (% Transmission) and their consistency in position 
(wavenumbers, cm-1). Either the ratios of peak intensities or the peak positions were used 
to derive linear relationships as a function of changing TBP/butanol ratios. Using these 
linear relationships, the TBP/butanol ratio in experimental samples was calculated and an 
average +/- standard deviation was determined using all of the linear trends. As discussed 
below, the primary focus is with respect to spectra changes associated with the C-O-P 
bonds.    
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Table 5.1 Vibrational mode assignments for TBP 
Mode TBP, cm-1  Peak positions used in this work, cm-1 
P-O3 symm. stretch 736a 735 
P-O-(C) 978 b 978 
C-O-(P) in phase 1028 a 1020-1028 
P-O-(C) 1150 a 1150 
P=O 1235 c 1234 
P=O 1263 a 1261 
P=O 1282 a 1279 
aBurger, 1984 bRossi et al. (2006) cGeorge et al. (1994) 
ALKALINE HYDROLYSIS OF TBP WITH 12.5 M NAOH 
A 12.5 M solution of NaOH was prepared from 50% wt NaOH and used to 
degrade TBP. Ten mL of TBP was reacted with 10 mL of 12.5 M NaOH in a 50 mL 
single-neck round bottom flask with a magnetic stir bar. The flask was connected to a 300 
mm long water-cooled Liebig condenser set at 4 oC and situated on a 50 mL heating 
mantle. The heating mantle and flask were placed on a stir plate and covered in aluminum 
foil. The temperature of the aqueous/organic mixture was held at 108±5 oC for 258 
minutes. At 6 different times, 1 mL samples were taken from the aqueous and organic 
phase throughout the reaction for subsequent analysis of TBP, DBP, MBP, and butanol 
using GC-FID as described below.   
A separate alkaline hydrolysis experiment under similar conditions was conducted 
for FTIR-ATR analysis. An aliquot of the organic phase was placed on the ATR crystal 
to measure the spectrum of TBP degradation at five time periods during the reaction. The 
amount of TBP in the sample was determined using the peak ratios discussed below. This 
amount was compared to that obtained by GC-FID to determine the effectiveness of the 
peak intensity ratio technique developed through FTIR-ATR analysis. 
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GAS CHROMATOGRAPHY (GC) ANALYSIS 
An Agilent 6890 GC-FID was used to determine TBP, DBP, MBP, and butanol 
concentrations.  Since DBP and MBP cannot be directly detected using GC-FID, 
diazomethane was used to derivatize DBP and MBP standards and all samples collected 
from the TBP degradation study to produce dibutyl methyl phosphate from DBP and 
monobutyl dimethyl phosphate from MBP (Mong et al., 1999). The method used to 
prepare diazomethane can be found in Appendix B. A DB-WAXetr column (Agilent, 
123-7333) was used with hydrogen as the carrier gas. The column was set to constant
flow mode with a flow of 1.5 mL/min. The inlet temperature was set at 230 oC in split 
mode with a split ratio of 20:1, pressure of 28.8 kPa, and total flow of 37.4 mL/min. The 
sample injection volume was one microliter. The oven temperature was held at 70 oC for 
1 min and ramped to 230 oC at a rate of 25 oC/min. The oven temperature stayed at 230 
oC for 3 minutes after the ramp for a run time of 10.40 minutes. The flame ionization 
detector (FID) was set to a temperature of 230 oC with hydrogen gas flow at 20 mL/min, 
air flow at 250 mL/min, and constant column plus make up nitrogen flow at 45 mL/min.  
A similar GC method was used to analyze the aqueous samples from the TBP 
alkaline hydrolysis experiment and SPE extraction recoveries for TBP and DBP. Changes 
in the method include using an HP-5M column, helium as the carrier gas, split-less 
injection, and the oven initially set to 75 oC for 1 minute ramping at 25 oC/minute to 300 
oC and held for 2 minutes for a 12 minute runtime. The FID temperature was increased to 
250 oC.  
SOLID PHASE EXTRACTION 
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TBP RECOVERY FROM SODIUM HYDROXIDE 
The procedure for organophosphorous reagent analysis in water using solid phase 
extraction described by Hemakanthi De Alwis et al. (2006) was modified for the analysis 
of TBP in the 12.5 M NaOH used in this work. Aliquots of 12.5 M NaOH (1 mL) from 
the degradation experiments diluted with 10 mL of high purity water then 10 mL of 1 M 
nitric acid was added to neutralize the samples. The pH of the samples was adjusted to 
2.5±0.9 by adding approximately 3 mL of additional 1 M nitric acid. The samples were 
then passed through Bond Elut PPL cartridges which had been preconditioned with 1mL 
of heptane then 1mL of water. A 12-port vacuum manifold was used to facilitate flow but 
the flow rate was not specifically monitored. The columns were washed with 1 mL of 1 
M NaNO3 then dried in a desiccator for approximately 6 hours. A 1.5 mL aliquot of 
heptane was used to elute TBP from the resin. All samples were derivatized with 
diazomethane and analyzed using GC-FID.  
SPE RECOVERIES 
Extraction recoveries for the Bond Elut PPL SPE cartridges were determined for 
TBP in aqueous solutions of 1 M nitric acid (HNO3), 1 M sodium nitrate (NaNO3), and 
water using 10 mL of a 0.5 g/L TBP in each of the three solution conditions. Five 
samples per solution condition were prepared to evaluate reproducibility of the method.  
Similar experiments were performed using 10 g/L DBP (based on its higher aqueous 
solubility).     
ANALYSIS OF SOLID RESIDUE 
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Residue (primarily suspected to be sodium salts of DBP and other degradation 
products) remaining after the hydrolysis of TBP were crushed into four aliquots, 
weighed, and then dissolved in 10 mL of water. The pH was adjusted to 1.71±0.22 and 
TBP and DBP was extracted using the SPE procedure described above. 
RESULTS AND DISCUSSION 
FTIR-ATR ANALYSIS 
The infrared assignments for peaks of TBP selected in this work are listed in 
Table 5.1 and the FTIR-ATR spectra of TBP and butanol mixtures are shown in Figure 
5.1. Ratios used in this study were developed by dividing selected peak intensities to 
normalize the spectral intensities. Linear relationships developed between the normalized 
peak intensity ratios were plotted against the corresponding amount of TBP and butanol. 
This approach has been used by Gillens et al. (2013) to study TBP degradation to DBP 
and MBP in nitric acid. The ratios used in this work are as followed: 
(𝐼978𝑐𝑚−1/𝐼1279𝑐𝑚−1)/𝐼735𝑐𝑚−1  (1) 
(𝐼735𝑐𝑚−1/𝐼1279𝑐𝑚−1)/𝐼1234𝑐𝑚−1      (2) 
(𝐼1279𝑐𝑚−1/𝐼735𝑐𝑚−1)/𝐼978𝑐𝑚−1  (3) 
(𝐼978𝑐𝑚−1/𝐼1150𝑐𝑚−1)/𝐼1279𝑐𝑚−1      (4) 
(𝐼978𝑐𝑚−1/𝐼735𝑐𝑚−1)/𝐼1261𝑐𝑚−1       (5) 
(𝐼735𝑐𝑚−1/𝐼1261𝑐𝑚−1)/𝐼1150𝑐𝑚−1  (6) 
Plots of the peak intensity ratios versus the amount of TBP for equations 1-6 are shown in 
Figure 5.2 and the linear regression analysis of each relationship is listed in Table 5.2. 
After contacting the TBP/butanol mixtures with 12.5 M NaOH to saturate the mixtures 
and both TBP and butanol, similar plots of the peak intensity ratios were produced and 
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the linear regression analysis are tabulated in Table 5.2 (“NaOH”). The spectra of TBP 
and butanol mixtures saturated with 12.5 M NaOH and those from pure TBP/butanol 
mixtures were extremely similar (NaOH saturated spectra are shown in Figure B.1 of the 
Appendix). The major difference in the NaOH saturated system is that the 1279 cm-1 
phosphoryl stretch observed in this work shifts to 1271 cm-1. This shift was previously 
observed in comparing dry TBP with water-saturated TBP where the 1282 cm-1 
phosphoryl stretch in dry TBP shifted to 1271 cm-1 in water-saturated TBP (Manohar et 
al., 1999). The similarity in the peak intensity ratios between pure and NaOH saturated 
TBP/butanol mixtures is demonstrated by the similar slope and intercept values of the 
linear regression lines (Table 5.2). In addition to changing peak intensity ratios, the C-O-
(P) in-phase peak at position 1020 cm-1 shifted to 1028 cm-1 as the butanol fraction
increased and the TBP fraction decreased in both the saturated and unsaturated 
TBP/butanol mixtures. The intensities of the peaks in the 1020 – 1028 cm-1 region were 
slightly increased for the saturated system. 
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Figure 5.1 FTIR-ATR spectra of TBP and butanol mixtures. 
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Five organic samples were retrieved from the alkaline hydrolysis experiment 
conducted for FTIR-ATR analysis. The spectra of the five samples are illustrated in 
Figure 5.3. There are contrasting features in Figure 5.3 from the spectra of TBP and 
butanol mixtures used to predict the appearance of spectra for the TBP alkaline 
hydrolysis reaction. The first three samples listed as samples 1, 2, and 3 show a slight 
change in peak intensities for the selected peaks which are labeled. Samples 4 and 5 show 
a more drastic change which makes these two spectra slightly uncharacteristic of the 
Figure 5.2 Linear trends for ratios 1 through 6 for an unsaturated TBP and 
butanol system.  
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spectrum of pure TBP. These samples have experienced hydration from the sodium 
hydroxide solution and have become emulsified (discussed below). In sample 4 the 1279 
cm-1 and 1261 cm-1 phosphoryl stretches broadened and increased in intensity. The 1234 
cm-1 peak which is believed to be associated with the phosphoryl stretch decreases in 
intensity. The P-O-(C) peak at the 1150 cm-1 position remained relatively unchanged as 
well as the P-O3 symmetric stretch at 735 cm
-1. The C-O-(P) in-phase stretch at 1020 cm-1 
slightly increased in intensity and shifted to 1022 cm-1. The 978 cm-1 P-O-(C) stretch 
showed a strong increase in intensity. Sample 5 demonstrated the most change. The 
phosphoryl stretches at 1279 cm-1 and 1261 cm-1 were no longer present and the 1234 cm-
1 peak shifted to the 1217 cm-1 position in sample 5. The P-O-(C) peak at 1150 cm-1 
remained relatively unchanged as seen in the other samples. The C-O-(P) in-phase stretch 
at 1020 cm-1 shifted to 1027 cm-1 accompanied by a sharp increase in intensity. The P-O-
(C) stretch at the 978 cm-1 wavenumber had a significant increase in intensity and the P-
O3 symmetric stretch at 735 cm
-1 decreased in intensity while becoming slightly broader 
in sample 5. These spectral changes demonstrated the transformation that TBP made 
during alkaline hydrolysis with 12.5 M NaOH in 290 minutes of reaction. 
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Table 5.2 Linear Regression for TBP and Butanol Mixtures 
 Slope Intercept R2 
Ratio 1 -5.89E-05 0.0114 0.975 
Ratio1 NaOH -6.75E-05 0.0123 0.975 
Ratio 2 4.51E-05 0.0089 0.997 
Ratio 2 NaOH 4.23E-05 0.0088 0.988 
Ratio 3 1.74E-04 0.0114 0.973 
Ratio 3 NaOH 1.58E-04 0.0127 0.950 
Ratio 4 -5.01E-05 0.0097 0.983 
Ratio 4 NaOH -5.38E-05 0.0101 0.991 
Ratio 5 -5.88E-05 0.0119 0.986 
Ratio 5 NaOH -5.91E-05 0.0122 0.951 
Ratio 6 3.99E-05 0.0088 0.983 
Ratio 6 NaOH 4.37E-05 0.0085 0.973 
1020-1028cm-1 -8.48E-02 1029 0.994 
1020-1028cm-1 NaOH -8.68E-02 1029 0.987 
 
 The extent of TBP degradation was initially predicted from FTIR data using the 
linear relationships in Table 5.2.  The amount of TBP and butanol present in the organic 
phase was also determined using the linear regression models developed from the TBP 
and butanol system saturated with 12.5 M NaOH. The average amount of TBP 
determined for each sample from ratios 1-6 for the saturated system is about 3-4% higher 
than those determined from the unsaturated system; therefore either system may be used 
to predict the amount of TBP and butanol remaining after reacting TBP with 12.5 M 
NaOH. The peak intensities of the five samples as well as the calculated ratios of these 
intensities are tabulated in Appendix B (Table B.1 and Table B.2). The calculated ratios 
were used to determine the remainder of TBP in each sample. The average amount of 
TBP determined from equations 1-6 for each sample time is plotted in Figure 5.4 along 
with the time each sample was taken. The uncertainty for the amount of TBP determined 
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by FTIR peak intensity ratios in Figure 5.4 is the standard deviation of ratios 1-6 for each 
sampling time. There was good agreement between the percentages of TBP calculated 
from the different peak intensity ratios. However, the amount of TBP determined from 
ratio 6 was significantly less than that determined by ratios 1-5 which caused a very high 
uncertainty in the final averaged number. This is because ratio 6 involves the 1261 cm-1 
peak position, a peak that was no longer present in sample 5 the final sample. However, 
to demonstrate broad applicability, the intensity at this peak position was still used in the 
calculation. The 1261 cm-1 phosphoryl stretch is very important in the chemistry of TBP. 
The absence of this peak in sample 5, indicates significant alteration of that moiety such 
that the vibrational mode was too weak to be detected by the FTIR-ATR. However, the 
peak’s absence did not mean there was no TBP in the sample. 
 
Figure 5.3 FTIR-ATR spectra of samples retrieved from the TBP alkaline hydrolysis experiment. 
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The amount of butanol was determined by subtracting 100% from the percent of 
TBP determined using the FTIR peak intensity ratios because it was assumed TBP and 
butanol were the only species expected to be present in the organic phase given the 
relatively high solubility of DBP in NaOH and the minute formation of MBP from the 
alkaline hydrolysis of TBP (Healy, 1976; Manohar et al., 1999). The uncertainty in the 
amount of butanol was propagated based on the amount of TBP determined by equations 
1-6. Butanol slowly developed in the organic phase as shown in Figure 5.5 because of the 
kinetic limitations on the formation of butanol in the aqueous phase after TBP dissolution 
followed by repartitioning of butanol back into the organic phase. Healy (1976) reacted 
50% weight NaOH with 20% TBP and odorless kerosene for 7 hours under reflux to find 
that only 0.02% of TBP remained in the kerosene product and greater than 96% of DBP 
was present in the aqueous phase. Without reflux conditions and with returning part of 
the aqueous distillate back to the reaction vessel followed by the addition of water, 
0.001% of TBP was found in the organic phase and greater than 90% of DBP and less 
than 10% of MBP was found in the aqueous phase (Healy, 1976). Through these 
experiments and other experiments involving the hydrolysis of TBP by NaOH, Healy 
(1976) confirmed a significant production of DBP and the lack of a substantial amount of 
MBP and phosphoric acid. Healy (1976) also confirmed that the hydrolysis took place in 
the aqueous phase and that its rate was dependent on the concentration of TBP in the 
aqueous phase (Healy, 1976).  
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Figure 5.4 Amount of TBP remaining and butanol formed in both TBP alkaline hydrolysis experiments 
determined by FTIR-ATR and verified by gas chromatography. 
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Based on these observations, the assumption that the organic phase is primarily 
composed of TBP and butanol appears valid. However, as discussed below, during the 
reaction the organic phase appeared to become more viscous and a white precipitate 
formed at the organic/aqueous interface. Thus for the later samples we do not believe that 
TBP and butanol were the only species within the organic phase. However, there was no 
way to correct for this using the FTIR approach. Thus, the FTIR reported values of TBP 
and butanol must be considered as if they were normalized to only the TBP and butanol 
content rather than the total mass of the organic phase.   
Manohar et al. (1999) showed that after 5 hours of reacting 30% TBP in n-
dodecane with 12.5 M NaOH under reflux, 100% of TBP had been hydrolyzed and 
converted into sodium salts of DBP and butanol in the aqueous phase. Manohar et al. 
(1999) also described the presence of a middle layer that consisted of unsolubilized 
Figure 5.5 Determination of TBP and butanol in the organic phase. GC measurement relative to 
gravimetric measurement. The amount of residue was determined by subtracting 100 from the total 
amount of TBP and butanol determined in the organic phase. 
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NaDBP and butanol due to a lack in the availability of water in the reaction vessel.  
During both alkaline hydrolysis experiments performed in this work, the content of the 
last sample became questionable because of the difference in the physical nature of the 
sample from the starting material of pure TBP. Approximately 300 minutes into the 
alkaline hydrolysis of TBP, the organic phase swelled and became a highly viscous 
emulsion. We hypothesize that as the organic phase becomes more viscous, the aqueous 
phase becomes impregnated with NaDBP. Pente et al. (2008) describes the aqueous waste 
resulting from TBP alkaline hydrolysis as emulsified and alkaline in nature. A 
representative sample from their work had a density of 1.135 g/mL and a total solid 
content of 26% (w/v). Manohar et al. (1999) analyzed the chemical constituents in the 
aqueous layer resulting from TBP alkaline hydrolysis as NaDBP (1.15-1.09 M), Na2MBP 
(0.06-0.08 M), Na3PO4 (0.02-0.04 M), NaOH (1.50-2.50 M), and butanol (1.10-1.50 M).  
DBP is highly soluble in NaOH but given the relatively small volume of water, it is 
reasonable to assume NaDBP salt could precipitate. At the conclusion of the experiments 
in this work, only two liquid phases were present, the organic and aqueous phase, along 
with the white precipitate.  
 The amount of TBP remaining in the 5 organic samples was also determined from 
the linear regression model using the C-O-(P) peak shifts from position 1020 cm-1 to 
1028 cm-1. In samples 1-3, the peak remained at the position 1020 cm-1 and in samples 4 
and 5 shifted to 1022 cm-1 and 1027 cm-1, respectively. This shift was not linear like that 
seen in the TBP/butanol systems. The lack of linearity for the peak position in the 
samples affects the prediction of TBP when using the linear regression model developed 
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for the 1020 cm-1 to 1028 cm-1 peak region. This led to an inaccurate estimation of the 
amount of TBP remaining upon alkaline hydrolysis, which did not agree with the values 
obtained through use of the peak intensity ratios. Table 5.3 shows the estimated amount 
of TBP in the 5 organic samples of the alkaline hydrolysis experiment determined by the 
linear regression model for the changing C-O-(P) peak position, 1020-1028 cm-1, for an 
unsaturated TBP/butanol system and saturated system. It is unclear why this peak shift is 
not as predictive as the peak intensity ratio methods. However, perturbation of the 
organic phase at later times as described above is suspected. The predictions of TBP and 
butanol from the FTIR analysis were validated using gas chromatography. 
Table 5.3 Amount of TBP determined using shift in peak positions, 1020-1028 cm-1 
   Amount of TBP, % 
Time, minutes Samples Peak position, cm-1 Unsaturated Saturated 
45 1 1020 94.8 96.1 
82 2 1020 94.8 96.1 
148 3 1020 94.8 96.1 
211 4 1022 77.8 79.5 
290 5 1027 9.5 12.8 
 
GAS CHROMATOGRAPHIC ANALYSIS 
The average concentration of TBP and butanol in the organic samples from the 
hydrolysis experiment were determined by gas chromatography and compared with the 
values obtained from the FTIR-ATR technique (Figure 5.4). The standard deviation of 
duplicate measurements for each sample are shown in Figure 6.4 for TBP and butanol. 
Good agreement between the FTIR-ATR technique and the GC-FID measurements 
demonstrates that the FTIR-ATR technique can rapidly monitor TBP degradation in 12.5 
M NaOH.  
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 The concentrations for TBP and butanol per sample determined by gas 
chromatography were converted to the mass percentage of individual species present in 
the organic phase. The following equation was used to determine the mass percentage of 
TBP in the organic phase:  
% 𝑆𝑝𝑒𝑐𝑖𝑒𝑠𝑜𝑟𝑔𝑎𝑛𝑖𝑐 𝑝ℎ𝑎𝑠𝑒 =
𝑀𝑎𝑠𝑠 𝑜𝑓 𝑇𝐵𝑃 (
𝑚𝑔
𝑘𝑔)
𝑀𝑎𝑠𝑠 𝑜𝑓 𝑇𝐵𝑃 (
𝑚𝑔
𝑘𝑔 ) + 𝑀𝑎𝑠𝑠 𝑜𝑓 𝐵𝑢𝑂𝐻 (
𝑚𝑔
𝑘𝑔)
∗ 100 
The mass percentage of butanol in the organic phase can be determined by replacing the 
mass of TBP with the mass of butanol in the numerator of the above equation. This mass 
balance must be used in order to compare the percent species determined by gas 
chromatography to that determined by the FTIR-ATR technique which is based on the 
masses of TBP and butanol standards used to quantify the ratios. Prior to the gas 
chromatography measurement, each sample from the organic phase was weighed and 
diluted in heptane in preparation for the GC. The content of the organic phase is 
suspected to not only contain TBP and butanol but mainly water and unreacted Na from 
the 12.5 M NaOH as well trace amounts of DBP and MBP. The concentration of each 
sample determined gravimetrically was compared to that determined by GC 
measurements to estimate the recoveries. It was found that 76% percent of TBP was 
measured in sample 1 which steadily decreased over time as shown in Figure 6.5 along 
with the fraction of butanol and the “residue” as a mass balance. To determine the 
amount of the “residual” phase the masses of TBP and butanol calculated from GC-FID 
measurements were subtracted from the total organic phase sample mass that was 
measured gravimetrically. Although butanol is soluble in the aqueous phase, a 
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considerable amount of butanol was detected in the organic phase as well. The last 
sample shows a significant decrease in TBP, slightly below the amount of butanol 
determined in the sample. As mentioned earlier, each sample from the organic phase was 
derivatized to detect DBP and MBP but neither compound was present above detection 
limits in the organic phase. This is consistent with previous studies indicating greater than 
90% of DBP and less than 10% MBP found in the aqueous phase after TBP was reacted 
with 50% weight NaOH (Healy, 1976). As an indication of the inorganic content of the 
organic phase, samples were combusted at 550 oC and approximately 20% of the sample 
mass for the first and last samples of the organic phase remained. A solid phase 
extraction method was derived to determine the content of organic compounds 
partitioned into the aqueous phase.  
SOLID PHASE EXTRACTION ANALYSIS 
It is assumed that the solid white precipitate was at least partially composed of 
sodium salts of DBP and MBP. To analyze these solids a method was required for 
determination of DBP and MBP concentrations in water. This work was enabled by using 
a solid phase extraction technique to concentrate MBP and DBP from aqueous phases.  
Agilent has reported an extraction recovery of 89% for TBP in water using Bond Elut 
PPL (Agilent Technologies, 2011).  A comparable value of 97% for TBP in water was 
found in this work and the values determined for TBP and DBP in other aqueous solution 
are reported in Table 5.4. The uncertainties in Table 5.4 are the standard deviations of the 
five measurements of TBP and DBP per solution. 
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Table 5.4 SPE Recoveries of TBP and DBP from Aqueous Media 
Media TBP, % DBP, % 
1 M Sodium Nitrate 56±7 83±11 
Water 97±4 76±n.a. 
1 M Nitric Acid 108±9 41±10 
  
Six aqueous samples from the alkaline hydrolysis of TBP were analyzed by SPE 
and gas chromatography. Although each sample was derivatized, DBP or MBP were not 
detected in any of the samples. However, TBP was detected in 4 of the 6 samples giving 
a total amount of 55.2 milligrams (approximately 0.6% of the total mass), which accounts 
for an insignificant amount of TBP that partitioned into the aqueous phase compared to 
the total amount of TBP in the organic phase.  
Both TBP and DBP were found to be present in the solid residue.  The extraction 
recoveries for TBP and DBP in 1 M NaNO3 was used to correctly determine the amount 
of TBP and DBP extracted from the dissolved precipitate because the final solution is 
approximately 1 M NaNO3 after the NaOH was neutralized. Based on the ratio of the 
amount of TBP and DBP recovered in each sample from SPE to the initial weight of the 
sample prior to dissolution, it was determined that the amount of DBP was approximately 
twice that of TBP (Table 5.5). Prior to analysis, the precipitates had an organic coating 
from the alkaline hydrolysis experiment. This coating could have contained water, 
butanol, TBP, DBP, as well as MBP. The TBP observed in the precipitate could be from 
this organic coating rather than actually being a component of the solid. As there was no 
DBP measured in the organic phase, it is proposed that the DBP was part of the residue 
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matrix and not associated with the coating. The initial weight of the NaDBP samples also 
accounted for the presence of sodium whose content was not analytically determined.  
Because the alkaline hydrolysis of TBP occurred in the aqueous phase, a solid phase 
extraction method was necessary to determine the concentration of organic ligands which 
partitioned into the aqueous sodium hydroxide phase following hydrolysis of TBP at an 
elevated temperature. 
Table 5.5 Amount of TBP and DBP extracted from Precipitate 
Sample No. % TBP in Salt %DBP in Salt 
1 15% 40% 
2 11% 26% 
3 4% 10% 
4 5% 13% 
 
CONCLUSION 
 This paper presents a novel FTIR-ATR technique involving the rapid 
determination of tributyl phosphate degraded through alkaline hydrolysis by 12.5 M 
NaOH which was validated by GC-FID analysis. The FTIR-ATR peak intensity ratio 
technique in this work is quite similar to that developed by Gillens et al. (2013), which 
evaluated the acidic hydrolysis of TBP. Solid phase extraction was used in this work to 
determine the amount of TBP and DBP that partitioned into the aqueous phase and a 
white precipitate observed during the experiments. The vast majority of TBP was 
retained in the organic phase and DBP was found both in the aqueous NaOH phase and as 
a component of a white precipitate. Consistent with previous studies, no MBP was 
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detected in any of the GC analyses of the aqueous, organic, or precipitate phases. The 
FTIR-ATR peak intensity ratio technique developed for a TBP and butanol system 
unsaturated and saturated in 12.5 M NaOH yielded a very accurate prediction of TBP 
degradation during alkaline hydrolysis in 12.5 M NaOH up until the point of emulsion 
formation. Thus this technique may provide a more rapid measure of TBP degradation 
via alkaline hydrolysis relative to a GC based technique.   
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CHAPTER SIX 
THEORETICAL CALCULATIONS OF CARBON AND OXYGEN STABLE 
ISOTOPE FRACTIONATIONS IN TRIBUTYL PHOSPHATE FROM ACIDIC 
HYDROLYSIS 
INTRODUCTION 
In nuclear reprocessing TBP suffers degradation from radiolysis and acid 
hydrolysis, which are kinetic processes that may lead to a stable isotope fractionation in 
carbon, hydrogen, and oxygen. The hydrolytic effects of TBP in these two processes are 
distinct and this alone may provide a unique stable isotope fractionation in hydrogen, 
oxygen, and carbon. Both hydrolytic and radiolytic degradation of TBP produces dibutyl 
phosphate (DBP), monobutyl phosphate (MBP), phosphoric acid, and butanol (Schulz et 
al., 1984, Patil et al. 2012). Stable isotope fractionations in TBP and its degradation 
products may provide valuable information for the nuclear forensics community 
regarding process/transformation pathways of TBP during plutonium and uranium 
separations.  
Isotope fractionations are a result of both kinetic isotope effects (unidirectional) 
and equilibrium isotope effects (multidirectional) (Young et al. 2002, Hayes 2004). 
Hydrogen and oxygen stable isotope fractionations are expected to be larger than that of 
carbon because of the percentage of mass differences. Hydrogen has a 100% mass 
difference (
𝑚𝐷−𝑚𝐻
𝑚𝐻
), while oxygen has a 12% mass difference (
𝑚18𝑂−𝑚16𝑂
𝑚16𝑂
), and carbon 
has an 8% mass difference (
𝑚13𝐶−𝑚12𝐶
𝑚12𝐶
) (Faure and Mensing 2005, Elsner et al. 2005). 
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Kinetic isotope effects may produce a significant stable isotope fractionation in TBP from 
nuclear processing because hydrolysis and radiolysis are kinetic processes while 
equilibrium isotope effects caused by isotopic substitution may be negligible in 
comparison. The evaluation of stable isotope fractionations in TBP as a result of 
radiolysis and hydrolysis will provide “signatures” of TBP associated with nuclear 
processes. It will also provide greater insight on the reaction mechanism of TBP in 
radiolysis and hydrolysis. This chapter will present theoretical calculations of carbon and 
oxygen stable isotope fractionations in TBP and its degradation products using the 
Rayleigh equation and estimated kinetic isotope effects.  
EQUILIBRIUM ISOTOPIC FRACTIONATIONS 
 The purpose of this section is to give a simplified version of how to predict 
equilibrium fractionation factors from ab initio methodology. The discussion below 
summarizes more detailed methods described by Criss (1999).  Calculations of 
equilibrium constants for isotopic exchange reactions have been demonstrated originally 
by Urey (1947) and Bigeleisen and Mayer (1947) for ideal gases. Equilibrium isotope 
fractionation theory is comprised of three conditions: translational, rotational, and 
vibrational partition functions. In gases only vibrational effects are to be considered, 
whereas for liquids all three effects must be considered in order to obtain a good 
approximation of the fractionation factor (Chacko et al., 2001). A generalized isotopic 
exchange reaction may be written as: 
𝑎𝐴1 + 𝑏𝐵2 = 𝑎𝐴2 + 𝑏𝐵1 (6.1) 
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where A and B represent chemical formulas of the species and subscripts 1 and 2 indicate 
the light or the heavy isotope, respectively (Criss, 1999). The equilibrium constant for an 
isotope exchange reaction can then be expressed as a ratio of the partition functions of the 
products and the reactants of the chemical equation. The partition function, Q, quantifies 
the extent to which particles are spread over the energy levels. It is defined as the sum of 
particles in each energy (Schauble, 2004): 
𝑄 = ∑ 𝑒(
−𝐸𝑖
𝑘𝑇
)
𝑖   (6.2) 
where E represents energy, k is Boltzmann’s constant, and T is the absolute temperature. 
Partition functions are related to the Helmholtz free energy, F, by the following equation: 
𝐹 = −𝑅𝑇𝑙𝑛(𝑄)   (6.3) 
where R is the molar gas constant. Because isotope exchange reactions do not involve 
significant pressure (P) and volume (V) work, Helmholtz free energy is approximately 
equal to Gibbs free energy, G, which is used to determine the equilibrium constant in a 
chemical reaction. So, 𝐺 = 𝐹 + 𝑃𝑉 becomes ∆𝐺 ≈ ∆𝐹. Thus, the familiar Gibbs free 
energy expression is now: 
𝐾𝑒𝑞 = 𝑒
(
−∆𝐹
𝑅𝑇
) = 𝑒[
−(𝐹𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠−𝐹𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠)
𝑅𝑇
]
  (6.4) 
The total energy for atomic motion considers translational (tr), rotational (rot), and 
vibrational (vib) free energies. So, equation 6.4 must be written as: 
𝐾𝑒𝑞 = 𝑒
(∑ ln[𝑄𝑡𝑟𝑄𝑟𝑜𝑡𝑄𝑣𝑖𝑏]−∑ ln[𝑄𝑡𝑟𝑄𝑟𝑜𝑡𝑄𝑣𝑖𝑏]𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 ) =
∏𝑄𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠
∏𝑄𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠
 (6.5) 
Thus, the equilibrium for isotopic exchange between two phases can be modeled using 
quantitative predictions for standard chemical equilibria through the relationship of Gibbs 
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free energy, Helmholtz free energy, and partition functions (Bigeleisen and Mayer, 1947; 
Schauble, 2004). By using partition functions, the equilibrium constant for isotopic 
exchange can be approximated as shown in the following equation:  
𝐾𝐴−𝐵 =
(𝑄2)𝐴
𝑎(𝑄1)𝐵
𝑏
(𝑄1)𝐴
𝑎(𝑄2)𝐵
𝑏 = (
𝑄𝐴2
𝑄𝐴1
)𝑎/(
𝑄𝐵2
𝑄𝐵1
)𝑏 (6.6) 
The simplified translational partition function is given as: 
(
𝑄2
𝑄1
)𝑡𝑟 = (
𝑀2
𝑀1
)3/2 (6.7) 
where M is the molecular weight of the heavy (2) and light (1) species.  
The rotational partition function for non-linear polyatomic molecules is given as: 
(
𝑄2
𝑄1
)𝑟𝑜𝑡 =
𝜎1
𝜎2
(
𝐼𝐴2𝐼𝐵2𝐼𝐶2
𝐼𝐴1𝐼𝐵1𝐼𝐶1
)1/2 (6.8) 
where I is the moment of inertia, which is defined as 𝐼 = 𝜇𝑑2, where 𝜇 =
𝑚1𝑚2
𝑚1+𝑚2
 is the 
reduced mass. The reduced mass, µ, is the effective inertial mass of the heavy and light 
isotope according to quantum mechanics, which allows a two-body system to be solved 
as if it were one-body (Steane, 2005). The distance to the axis of rotation, d, is taken as 
unity. The symmetry numbers, σ, refer to the number of indistinguishable ways that a 
given molecule can be oriented in space.  
The vibrational partition function is given by: 
 (
𝑄2
𝑄1
)𝑣𝑖𝑏 = ∏
𝑒−𝑈𝑖2/2
𝑒−𝑈𝑖1/2𝑖
1−𝑒−𝑈𝑖1
1−𝑒−𝑈𝑖2
 (6.9) 
where Ui = hνi/κT and h is Planck’s constant, ν is the vibrational mode, κ is Boltzmann’s 
constant, T is absolute temperature, and i is a running index of vibrational modes. For a 
non-linear molecule like TBP, i is equal to 3n-6, where n is 44 (the number of atoms in 
the species formula).  
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Combining all of the partition functions yields a total approximation of the Q ratio: 
(
𝑄2
𝑄1
) = (
𝑀2
𝑀1
)3/2
𝜎1
𝜎2
(
𝐼𝐴2𝐼𝐵2𝐼𝐶2
𝐼𝐴1𝐼𝐵1𝐼𝐶1
)1/2∏
𝑒−𝑈𝑖2/2
𝑒−𝑈𝑖1/2𝑖
1−𝑒−𝑈𝑖1
1−𝑒−𝑈𝑖2
 (6.10)    
The equilibrium constant is related to the fractionation factor, α, by the following 
equation: 
𝛼 = (
𝐾
𝐾∞
)
1
𝑛  (6.11)  
where n is the number of atoms exchanged and K∞ is the equilibrium constant at an 
infinite temperature. In simple systems, α = K. The fractionation factor can be converted 
to the delta notation (‰) by using the following approximation (Chacko et al., 2001): 
∆𝐴−𝐵≈ 1000 ln𝛼 (6.12)   
where A and B are in isotopic equilibrium. Delta describes the extent of partitioning of 
heavy and light isotopes. By evaluating the set of equations above, it is possible to 
approximate the degree of fractionation attributed by equilibrium isotope effects. 
Equilibrium occurs when reactants are balanced with products. Isotopic equilibrium is not 
the same as chemical equilibrium. A chemical reaction can reach equilibrium and the 
isotopes exist in disequilibrium. A system can approach isotopic equilibrium after a 
kinetic process. For our system, the degradation of TBP is a kinetic process and it is 
possible for TBP to approach isotopic equilibrium with DBP and other degradation 
products while still in contact. Because the degradation process of TBP is kinetically 
driven and irreversible, the isotopic equilibrium would be reached after the system is in 
chemical equilibrium. An example of this scenario is shown below: 
𝑇𝐵𝑃 − 𝐶13 + 𝐷𝐵𝑃 − 𝐶12 ↔ 𝑇𝐵𝑃 − 𝐶12 + 𝐷𝐵𝑃 − 𝐶13   (6.13) 
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When existing TBP molecules are no longer reacting to produce DBP, DBP molecules 
are reacting to produce MBP. If isotopic equilibrium is reached, its duration is not long. 
Hence, this system is more kinetically driven so it is possible to neglect the equilibrium 
isotope effects. Also the PUREX process is a kinetic process which implies that any 
fractionation in the carbon and oxygen stable isotope in TBP will be by kinetic isotope 
effects.     
KINETIC ISOTOPIC FRACTIONATIONS 
Because the degradation of TBP is a forward reaction, lighter isotopes will react 
faster than heavy isotopes according to the theory of kinetic isotope effect. Thus, lighter 
isotopes will have a tendency to accumulate in reaction products. Kinetic isotope 
fractionations are described as one-directional processes that occur under conditions of 
incomplete isotopic exchange (Schauble, 2004). The extent of fractionation observed in 
kinetic processes depends on the reaction mechanism. If the reaction mechanism is 
distinct in a given condition compared to another, the difference in reaction rates between 
heavy and light isotopes may also be distinct. Because TBP degrades distinctly in nitric 
acid, hydrochloric acid, and sodium hydroxide, it is expected that these differences will 
cause unique carbon and oxygen isotope ratios in TBP upon exposure. The enrichment 
factor, ε (‰), is typically used to describe the degree of fractionation as a result of kinetic 
isotope effect: 
𝜀 = 1000(𝛼 − 1) (6.14) 
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where α is the fractionation factor. The enrichment factor which estimates the difference 
between products and reactants is not the same as Δ which measures the difference 
between two chemical species.  
 The Rayleigh fractionation model is dominant in distillation processes but also 
has been used to identify degradation pathways of organic pollutants involving hydrogen 
radical transfer oxidation reactions; nucleophilic substitution (SN1 and SN2 types) of C-
Cl, C-N, and C-O bonds; oxidation of C=C bonds with permanganate; and epoxidation of 
C=C bonds (Elsner et al., 2005). The Rayleigh equation may be applied to reactions with 
equilibrium or kinetic fractionation given the following reaction conditions: 1) the system 
is closed 2) the reaction is one-directional 3) the reactant pool is well mixed. The 
Rayleigh equation will be used to predict the amount of fractionation occurring in the 
experiments described in Chapter 7.  
 Because KIE is dependent on the rate differences for the cleavage of a chemical 
bond formed by a light isotope versus a heavy isotope it is equal to the ratio of the rate 
constants of chemical bonds containing light isotopes to that of heavy isotopes as shown 
in equation 6.15 (Elsner et al., 2005).  
𝐾𝐼𝐸 =
𝑘𝑙
𝑘ℎ
  (6.15) 
It is noteworthy that KIE is a quantifiable isotope effect that may lead to an observable 
isotopic fractionation. An isotope effect is a physical phenomenon that cannot be directly 
measured but the result of which yields a partial separation of isotopes in a chemical 
reaction (fractionation) that may be observed if the result is within the precision 
determined for an isotopic measurement technique (Hayes, 2004).  KIE is caused by 
 88 
differences in activation energy which depend on the energy levels of the heavy to light 
isotopic bonds in the ground and transition state. Breaking chemical bonds associated 
with a heavy isotope requires a higher activation energy compared to that needed for the 
cleavage of a bond involving a light isotope (Thullner et al., 2013). The activation energy 
of a chemical reaction depends on the electron energy and molecular vibrations 
experienced by a molecule throughout a reaction. The energy of electrons between atom 
nuclei holds chemical bonds together. However, the rapid speed of electrons are not 
affected by the slower, mass-influenced motions of atom nuclei based on the Born-
Oppenheimer approximation; thus the energy of electrons does not affect KIE (Sühnel & 
Schowen, 1991). Also, the electronic structure holding the atoms together are mostly 
independent of changes in the masses of the atomic nuclei caused by isotopic exchange in 
equilibrium. Therefore, the interatomic distances and vibrational force constants do not 
change under isotopic exchange (Collins & Bowman, 1970). However, when the atomic 
nuclei are in motion, the energy in molecular vibrations will strongly influence the 
interatomic distances and vibrational force constants based on inert isotopic masses 
(Collins & Bowman, 1970). Molecular vibrations can be characterized by potential 
energy surface and zero-point energy. Zero-point energy is defined as 
𝐸 =
ℎ𝑣
2
    (6.16) 
where h is Plank’s constant and v is the frequency of molecular vibration, which is 
dependent on force constants, f, and reduced masses, 𝜇. The frequency of molecular 
vibration is defined as  
𝑣 =
1
2𝜋
√
𝑓
𝜇
   (6.17) 
𝜇 𝑚𝑖𝑠𝑜𝑡𝑜𝑝𝑒 𝑚𝑏𝑖𝑛𝑑𝑖𝑛𝑔 𝑝𝑎𝑟𝑡𝑛𝑒𝑟
and misotope and mbinding partner is the mass of the isotope of the atom of interest and binding 
partner, which is the atom 
of no interest, 
respectively, in the 
covalent bond (Elsner et 
al., 2005; Schmitt et al., 
1952; Melander, 1960). 
Figure 6.1 shows a curve 
of the potential energy of 
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where 
1
=
1
+
1
   (6.18) 
a reacting system as a 
function of the reaction 
coordinate describing isotopic zero-point energy levels from the ground to the transition 
state. The zero-point energy level is lower for bonds with heavy isotopes than that with 
light isotopes because the reduced mass is higher for heavy isotopes compared to light. 
Also, the spacing between the isotopic zero-point energy levels depends on the force 
constant of the vibration of the molecule during a chemical reaction (Elsner et al., 2005). 
The KIE depends on the change in the isotopic activation energies. While little 
information is known regarding isotopic activation energies in TBP, other effective 
means may be used to determine KIE.  
Figure 6.1: Potential energy as a function of the reaction 
coordinate. H represents the heavy isotope and L 
represents the light isotope. (from Vanhaecke et al., 2009) 
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 Vibrational frequencies from spectroscopic measurements may be used to 
quantify KIE of isotopic reactants in many chemical reactions (Eyring & Cagle, 1952; 
Schmitt et al., 1952; Melander, 1960). This requires a simplifying assumption that only 
one vibrational stretch is of importance and all other stretches are cancelled. This 
vibrational frequency corresponds to the chemical bond of the reactant that is cleaved in 
the reaction (Eyring & Cagle, 1952; Melander 1960). This bond is responsible for the 
primary isotope effect (discussed later in this section). For example, acid hydrolysis of 
TBP cleaves the C-O bond of the molecule (Schulz et al., 1984), thus this bond is the 
rate-determining step for KIE, meaning that 𝑘
𝐶12
 and 𝑘
𝐶13
 can be determined from the 
wavenumber (cm-1) of the 12C-16O and 13C-16O bonds, respectively, using the following 
general relationship. 
𝑘1
𝑘2
=
sinh 
ℎ𝑐𝑣1
2𝜅𝑇
sinh 
ℎ𝑐𝑣2
2𝜅𝑇
  (6.19) 
where h is Planck’s constant, c is the velocity of light, v# is the wavenumber (subscript # 
denotes light (1) or heavy (2) isotope), κ is Boltzmann’s constant, and T is the absolute 
temperature (Eyring & Cagle, 1952; Melander, 1960). The wavenumber in equation 6.19 
represents the frequency of the diatomic molecules of the isotopes where the atom of no 
interest is always assumed to be the most common isotope of that atom and the atom of 
interest is either the light or heavy isotope. The frequency of the bond with the most 
abundant isotope (of the atom of interest) is determined from spectroscopy while the 
frequency of the bond containing the less abundant isotope is obtained through 
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experiment or via calculation using the relationship of the reduced masses in equation 
6.18. This calculation is described by simplifying equation 6.19 to the following: 
𝑘𝑙
𝑘ℎ
=
𝑣𝑙
𝑣ℎ
= (
𝜇ℎ
𝜇𝑙
)
1
2        (6.20) 
where μ is the reduced mass of the heavy or light isotope as defined by equation 6.18 
(Eyring & Cagle, 1952; Schmitt et al., 1952; Prigogine, 1958; Melander, 1960). Thus, the 
KIE can be determined from the reduced masses of the isotopes of the bond cleaved or 
the vibrational frequencies of the cleaved bond involving the light and heavy isotope. For 
example, the KIE of the rate-determining C-O bond cleavage in TBP during acidic 
hydrolysis is calculated as followed: 
𝐾𝐼𝐸 = (
𝑣
𝐶−𝑂12
𝑣
𝐶−𝑂13
) = (
16∗13
13+16
/
16∗12
12+16
)
1
2 = 1.023   (6.21) 
The vibrational frequency of the 12C-O bond (out phase) in pure TBP is 1059 cm-1 
measured on Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy 
(ATR-FTIR) (Gillens & Powell, 2012). Assuming that the amount of 13C and 18O is 
negligible in this sample of TBP, the vibrational frequency for the 13C-O bond may be 
calculated as 1035 cm-1using the relationship in equation 6.21. The dependence of the 
isotopic mass on the stability of the chemical bond causes the reaction kinetics of the 
lighter isotope to be faster than the heavier isotope resulting in a KIE > 1 (Elsner et al., 
2005). This is considered a normal isotope effect. A primary isotope effect is when an 
atom is directly involved in the chemical bond cleavage. This isotope effect is mainly 
responsible for stable isotope fractionations. Chemical reactions with isotopically labeled 
atoms have revealed that isotope effects are large for SN2 reactions at the central atom 
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(Collins & Bowman, 1970). TBP is expected to exhibit an SN2 type reaction in acid 
hydrolysis if comparable to other trialkyl phosphates whose reaction mechanisms have 
been studied thoroughly (Schulz et al., 1984). Secondary isotope effects are considered to 
attribute minimal fractionation because atoms of the substrate molecule are not directly 
involved in the cleavage of the chemical reaction (Elsner et al., 2005). For example, TBP 
has 12 carbons but only 3 of them can cleave during the hydrolysis reaction to form 
butanol and dibutyl phosphate. Thus, the occurrence of fractionation could be masked by 
the majority of carbons that do not react at the C-O bond site and is possibly not 
detectable within the precision of current stable isotope ratio analytical techniques. 
The maximum KIEs for primary isotope effects and secondary isotope effects 
have been estimated from theory to provide relative orders of magnitude for common 
elements and bonds (Prigogine, 1958). For elements, the maximum KIE in primary 
isotope effects is determined under the assumption that no isotopic binding occurs in the 
transition state. For bonds, the maximum KIE in secondary isotope effects is determined 
under several assumptions: (a) only stretching frequencies are considered, (b) isotopic 
shifts of these frequencies are calculated using the mass relationship of the frequency of 
the diatomic molecule, i.e. (mh/ml)
1/2 and (c) the stretching force constant decreases 
(normal) or increases (inverse) by a factor of two in the transition state for normal isotope 
effects (Prigogine, 1958). Table 6.1 shows maximum KIEs for elements and bonds in 
TBP (modified from Collins & Bowman, 1970).  
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Table 6.1: Approximate Maximum KIEs at 25 oC for Elements and Bonds in TBP 
Secondary Isotope Effects 
Elements Primary Isotope Effect Bonds Normal Inverse 
𝑘𝐻
𝑘𝐷
18 
𝑘𝐶−𝐻
𝑘𝐶−𝐷
1.74 0.46 
𝑘12𝐶
𝑘13𝐶
1.25 
𝑘12𝐶−𝐶
𝑘13𝐶−𝐶
1.012 0.983 
𝑘16𝑂
𝑘18𝑂
1.19 
Modified from Collins and Bowman 1970 
KIEs can also be determined directly through experimental measurements using 
isotopically labeled compounds (Elsner et al., 2005). Simultaneous determination of 
multiple KIEs can be accomplished for naturally abundant compounds using high 
precision Site-Specific Natural Isotope Fractionation by Nuclear Magnetic Resonance 
Spectroscopy (SNIF-NMR) (Singleton & Thomas, 1995, Zhang & Pionnier, 2001). 
Because KIEs depend on the type of bond that is broken, it can be determined for bonds 
primarily responsible for degradation pathways, which can be used to estimate isotopic 
fractionations based on the Rayleigh equation given a fractionation factor, α (Elsner et 
al., 2005; Meyer, 2010). For first order reaction kinetics, the fractionation factor is 
defined as (Elsner et al., 2005; Meyer, 2010; Thullner et al., 2013): 
𝛼 = 𝐾𝐼𝐸−1    (6.22) 
The Rayleigh equation demonstrates the partitioning of isotopes in a compound as the 
fraction of the compound is depleted and describes the average fractionation for whole 
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reacting molecules rather than single isotopes inside a compound (Elsner et al., 2005). It 
is defined as  
𝑅𝑡
𝑅0
= 𝑓𝛼−1   (6.23) 
where Rt and R0 are the 
13C/12C ratios in TBP at a given time t and at the beginning of the 
reaction, respectively, and f is the fraction of TBP remaining, which can be determined 
experimentally or from published first-order reaction rate constants (Elsner et al., 2005; 
Meyer, 2010). The Rayleigh equation is often expressed in its logarithmic form using the 
delta notation, 
ln (
𝑅𝑡
𝑅0
) = ln (
1000+𝛿 𝐶𝑡
13
1000+𝛿 𝐶0
13 ) = (𝛼 − 1)ln 𝑓    (6.24) 
where δ13Ct and δ13C0 are the 13C/12C ratios in TBP at a given time t and at the beginning 
of the reaction, respectively, and (α-1) x 1000 is known as the enrichment factor, ε 
(Elsner et al., 2005; Xiao et al., 2012). A linear regression of ln Rt/R0 versus ln f yields a 
slope of ε/1000. Thus, the fractionation factor as well as the KIE may also be determined 
from experimental data using the initial isotope value at a fraction of 1 and the isotope 
values at a given time t and a fraction  <1. Hence, the degree of fractionation can be 
estimated using the Rayleigh equation from a theoretical KIE and the first-order rate 
constant where appropriate. 
The relationship between KIEs and isotope fractionation in the Rayleigh equation 
gives valuable information about how a specific bond cleavage can affect stable isotope 
signatures, which is why these fractionations can be coupled to degradation pathways of 
substrates in chemical reactions. Isotope data have been used to identify degradation 
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pathways of organic pollutants (Elsner et al., 2005). Carbon KIE has been determined for 
the carbonyl carbon in the alkaline hydrolysis of esters (O’Leary & Marlier, 1979). 
Isotope fractionations have also been used to determine degradation pathways in triazine 
herbicides (Meyer, 2010). Theoretical KIEs determined in this work for TBP were used 
with first-order rate constants associated with their degradation in acid hydrolysis to 
predict carbon and oxygen stable isotope fractionations.  
THEORETICAL CALCULATIONS OF KIE AND ISOTOPE FRACTIONATION 
PREDICTIONS 
KIEs in this work have been determined from published infrared spectroscopic 
data for TBP and other analogues through use of equation 6.20. The inverse KIE, or 
fractionation factor (equation 6.22), was used in the Rayleigh equation with first-order 
reaction rate constants of TBP degradation in acidic hydrolysis and radiolysis to predict 
stable isotopes fractionations in carbon and oxygen. Vibrational modes involving the P-O 
and C-O characteristic bonds of TBP from ATR-FTIR measurements have been 
published by Gillens & Powell (2012). These modes are strongly comparable to those 
found in tributyl thiophosphate (TBT) from ATR-FTIR measurements by Rossi et al. 
(2006). The only distinct vibrational modes in TBT relative to TBP are those found in the 
809 cm-1 to 851 cm-1 and 628 cm-1 to 648 cm-1 regions owing to the P=S bond in TBT. 
Table 4.2 shows the experimentally determined IR frequencies for selected C-O and P-O 
bonds in TBP, calculated IR frequencies for the heavy isotopes in the bonds, KIEs, and 
fractionation factors which are used in the Rayleigh equation to estimate fractionations in 
carbon and oxygen stable isotopes in TBP as a result of acidic hydrolysis. The KIEs for 
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the C-O bond were determined like the example given in equation 6.21 by using the 
heavy and light stable isotopes of carbon along with the most abundant isotope of oxygen 
(binding partner). The KIEs for the C-O bond were also determined using the heavy and 
light stable isotopes of oxygen and the most abundant isotope of carbon to determine 
fractionations of stable oxygen as a result of C-O bond cleavage in TBP. The same was 
done for the P-O bond; however, the mass of the stable phosphorus atom was used as the 
binding partner.  
Degradation of TBP in acidic hydrolysis shows first-order kinetics (Schulz et al., 1984; 
Kuno & Hina, 1992; Mincher et al., 2008). The rate law that describes this first-order 
degradation is –dc/dt = kc. When applying this rate law to the Rayleigh equation, the 
concentration, c, is equal to the fraction, f. By solving the rate law equation, one can 
determine the fraction of TBP remaining as a function of time and degradation using the 
reaction rate. The Rayleigh equation was used to estimate the extent of fractionation (per 
mil) of carbon and oxygen isotopes in TBP from acidic hydrolysis. The first order 
reaction rate constants used for TBP hydrolysis at 70 oC in 1 M HNO3, 5 M HNO3 and 1 
M HCl are 2.80 x 10-4 hr-1, 4.20 x 10-4 hr-1, and 3.50 x 10-4 hr-1, respectively (Burger, 
Functional Group 12C-
16
O
13
C-
16
O
c 12
C-
18
O
c
P-
16
O P-
18
O
c k12C-O/k13C-O α12C-O/13C-O kC-16O/kC-18O αC-16O/C-18O kP-16O/kP-18O αP-16O/P-18O
C-O-(P) in phase 1020
a 997 995 1.023 0.978 1.025 0.976
C-O-(P) out phase 1059
a 1035 1033 1.023 0.978 1.025 0.976
C-O-(P) stretch 1120
b 1095 1093 1.023 0.978 1.025 0.976
C-O-(P) stretch 1150
b 1124 1122 1.023 0.978 1.025 0.976
P-O-(C) asymmetric 865
d 833 1.039 0.963
P-O-(C) stretch 909
a 875 1.039 0.963
P-O-(C) stretch 958
b 922 1.039 0.963
P-O-(C) stretch 978
a 941 1.039 0.963
a
Gillens & Powell (2012), 
b
Rossi et al. (2006), 
c
Determined from the reduced masses using equation 8, 
d
Schulz et al. (1984)
IR Frequencies, cm
-1
Table 4.2 KIEs and Fractionation Factors Determined for C-O and P-O bonds in Tributyl Phosphate
KIE and Factionation Factor
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1955). The results of this estimation are plotted in Figure 6.2. From this prediction, it is 
expected that a 5-7‰ carbon fractionation will occur when TBP is exposed to nitric or 
hydrochloric acid for a 30 day period. The oxygen isotopes in TBP in the C-O and P-O 
bonds will impose a 5-7‰ and a 7-11‰ fractionation, respectively. The differences in 
the reaction rate causes the change in the extent of fractionation. 
CONCLUSION 
While rate constant data are prevalent for TBP hydrolysis in HNO3, this 
information is sparse for TBP hydrolysis in HCl. The theoretical predictions of carbon 
stable isotope fractionations in TBP reacted with HNO3 and HCl, were compared to the 
experimental measurements of Chapter 7. The predictions made in this chapter suggest 
that fractionation will occur in both carbon and oxygen stable isotopes of TBP 
hydrolyzed by HNO3 and HCl. However, the experimental measurements of Chapter 7 
only evaluated carbon stable isotopes of TBP. 
Figure 6.2: Predictions of carbon and oxygen degree of fractionation in TBP degraded in 
1 M HNO3, 5 M HNO3 and 1 M HCl. 
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CHAPTER SEVEN 
CARBON STABLE ISOTOPE MEASUREMENTS OF TRIBUTYL PHOSPHATE IN 
NITRIC ACID, HYDROCHLORIC ACID AND SODIUM HYDROXIDE 
ABSTRACT 
 This paper presents a study that simulates the acid and alkaline hydrolysis effects 
of TBP in nuclear reprocessing and solvent disposal. Carbon stable isotopes were used to 
characterize TBP to determine if a fractionation occurs as TBP degrades by acid and 
alkaline hydrolysis. The measured δ13C value of unreacted TBP was -30.79±0.12‰. The 
change in δ13C values was examined under a range of conditions including: 
 Preliminary experiments in 8 M HNO3 and 9 M HCl at room temperature and 
75 oC  
 In 4 M HNO3 and 4 M HCl at 25, 35, and 50 oC, and,  
 In 12.5 M NaOH at 108 oC 
Preliminary experiments in 8 M HNO3 and 9 M HCl at 75 
oC showed a 4.2 ‰ and 8.3 
‰ fractionation in the carbon stable isotopes of TBP, respectively, within the time 
examined.  Experiments at lower temperatures and acid molarity exhibited negligible 
degradation over a 3 month timeframe and thus an unmeasurable change in stable isotope 
fractionation.  An insignificant carbon stable isotope change was observed in the TBP of 
the organic phase of the 12.5 M NaOH experiment. This study showed that the carbon 
stable isotope fractionation in TBP attributed by the acid and alkaline hydrolysis in 
nuclear reprocessing and solvent disposal is insignificant under the timeframe examined. 
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It also revealed that a heavy carbon stable isotope shift is attributed in TBP as a result of 
organic phase hydrolysis in nitric acid, hydrochloric acid, and sodium hydroxide. 
INTRODUCTION 
Tributyl phosphate (TBP) is renowned for its use in nuclear reprocessing. Since 
the early 1940s, TBP has been used to separate U and Pu from spent nuclear fuel. TBP’s 
extracting power, chemical stability, and low susceptibility to radiological damage make 
it the prime choice for recovering special nuclear material from spent fuel in a procedure 
called the Plutonium and Uranium Reduction Extraction (PUREX) Process. TBP is also 
used in the Aqueous Chloride Process reported by the Los Alamos National Laboratory 
to purify Pu from scrap metals and other Pu-contaminated items (Coonley, 2008). During 
both actinide recovery processes, TBP suffers degradation, which primarily leads to the 
production of dibutyl phosphate (DBP). Other possible degradation products include 
monobutyl phosphate (MBP), butanol, butyl nitrate, and butyl chloride. The ingrowth of 
dibutyl phosphate leads to insufficient recovery yields of actinides of interest. A sodium 
bicarbonate wash is normally used to rid TBP of degradation products so that it may be 
recycled for further use. TBP may also be decomposed by sodium hydroxide and 
discarded after use in nuclear reprocessing (Healy, 1976; Manohar et al., 1999; Pente et 
al., 2008; Schulz et al., 1984).   
The degradation of TBP during the PUREX process and the Aqueous Chloride 
Process occurs due to acid hydrolysis and radiolysis. The PUREX process uses 0.1 M and 
~ 4 M nitric acid and the Aqueous Chloride Process uses 0.1 M and 7-9 M hydrochloric 
acid. The mechanism of both processes are similar involving liquid-liquid extractions. 
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However, there are several differences between these processes, like the starting nuclear 
materials, the equipment used, and the chemical yields and quantities of final products. 
The alkaline hydrolysis process uses > 12.5 M NaOH to degrade TBP at 120-130 oC in 
less than 8 hours.  
The TBP molecule has 12 carbons, 4 for each butyl group. As TBP degrades and 
butyl groups are cleaved, a stable isotope fractionation may occur in the carbon, oxygen, 
and hydrogen stable isotopes. The paper presents an experimental analysis of the carbon 
stable isotope values in TBP upon reaction with nitric acid, hydrochloric acid, and 
sodium hydroxide. The experimental data of this chapter was compared with the 
theoretical values of Chapter 6. The degradation of TBP and changes in the stable carbon 
isotope ratio were monitored in this work to determine if there is a unique signature 
useful for nuclear forensics monitoring. 
MATERIALS AND METHODS 
Materials. Tributyl phosphate (99.0%), methyl tert-butyl ether (MtBE) (>99.99%), and 
60 Å silica gel were purchased from EMD Chemical, Inc in Gibbston, NJ. HCl (37%, 
BDH Aristar Plus) and HNO3 (67-70%, BDH Aristar Plus) were purchased from VWR 
International in Suwanee, GA. Dibutyl phosphate (97%), butanol (99.4%), and heptane 
(>99.99%) were purchased from Acros Organics in Pittsburg, PA.  Diethylene glycol 
monoethyl ether (carbitol), 45 wt% potassium hydroxide, 50% wt sodium hydroxide, N-
methyl-N-nitroso-p-toluenesulfonamide (diazald), and a diazomethane generator were 
purchased from Sigma-Aldrich in St. Louis, Missouri.  Bond Elut PPL 1 mL cartridges 
with 100 mg bed mass were purchased from Agilent in Santa Clara, CA. 
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Methods. In preliminary experiments, a 50 mL single-neck round bottom flask with a 
magnetic stir bar was used to react TBP with 8 M HNO3 and 9 M HCl. The flask was 
connected to a 300 mm long water-cooled Liebig condenser set at 4 oC and situated on a 
50 mL heating mantle. The heating mantle and flask were placed on a stir plate and 
covered in aluminum foil. The temperature of the 1:1 aqueous/organic mixture was held 
at 75 oC for 4 days in the 9 M HCl experiment and for 30 days in the 8 M HNO3 
experiment. At various times, a small aliquot of the organic phase was retrieved and 
measured for carbon stable isotopes. For comparison, another experiment using a 1:1 
ratio of TBP to acid was performed at room temperature using 8 M HNO3 and 9 M HCl 
for 30 days to determine the effects of the acid concentration without elevated 
temperature and reflux. Additional experiments were conducted in 4 M HNO3 and 4 M 
HCl at lower temperatures (25 oC, 35 oC, and 50 oC) to more closely simulate nuclear 
reprocessing conditions. A shaker table was used for the 25 oC degree experiment, an 
incubator shaker for the 35 oC experiment, and a hot plate with stirring capability for the 
50 oC experiment. The experiments used a 3:1 (aqueous/organic) mixture of 4 M HNO3 
and 4 M HCl and operated for three months. At each sampling interval, triplicate samples 
(for each acid and temperature treatment) of 100 µl from the organic phase were taken 
and stored in a freezer for gas chromatography mass spectrometry (GC-MS) and gas 
chromatography combustion isotope ratio mass spectrometry (GCC-IRMS) 
measurements. Approximately 10 µl of each organic sample was diluted in 10 mL of 
heptane to make a 1000 ppm solution. Diazomethane was synthesized following the 
method given in Appendix B and 100 µl was added to each solution to derivatize the 
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DBP for GC measurement. Experimental conditions for alkaline hydrolysis of TBP in 
12.5 M NaOH were the same as those presented in Chapter 5.  
Because it was expected that the ingrowth of DBP would be small compared to 
the amount of TBP present, solid phase extraction (SPE) was used to separate DBP from 
TBP. Approximately 10 µL of each organic sample was added to 1 mL of heptane to 
make a 10,000 ppm solution. Three mL of 1 M NaOH was added to the 10,000 ppm 
solution to extract DBP, which is highly soluble in NaOH. Each vial containing the 
mixture was individually shaken and inverted for 30 seconds. Two mL of the aqueous 
portion was removed and added to 2 mL of 1 M HNO3 to neutralize the solution. The pH 
of each sample was then lowered to 1-2 to obtain maximum extraction on the SPE 
columns. The samples were then passed through Bond Elut PPL cartridges that had been 
preconditioned with 1mL of heptane then 1mL of 1 M NaNO3. A 12-port vacuum 
manifold was used to facilitate flow, but the flow rate was not specifically monitored. 
The columns were washed with 1 mL of 1 M NaNO3 then air dried overnight. A 2 mL 
aliquot of heptane was used to elute DBP from the resin.  
GC-MS.  An Agilent 7890A gas chromatograph coupled to an Agilent 5975C inert mass 
spectrometry detector was used to monitor TBP and DBP concentrations. A DB-5MS + 
DG (Agilent 122-5532G) column was used with He as the carrier gas. The inlet 
temperature was 270 oC with a 5:1 split ratio. The oven was held at 120 oC for 2 minutes 
then ramped to 280 oC at 15 oC/min.  
GC-C-IRMS.  All carbon stable isotope data analysis in this work was conducted at the 
Lawrence Livermore National Laboratory (LLNL), where scientists of the Environmental 
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Radiochemistry Group have constructed a gas chromatography combustion isotope ratio 
mass spectrometry (GC-C-IRMS) system for compound-specific isotope analysis. Using 
this technique, it is possible to analyze the individual stable isotope signatures of various 
substances in a single sample. The GC-C-IRMS at LLNL is an Agilent 7890A gas 
chromatograph coupled to an IsoPrime Ltd. GC-5 combustion interface and an 
IsoPrime100 isotope ratio mass spectrometer. A heart-split valve was used to select 
whether the output from the GC column is sent to either the FID or the combustion-IRMS 
interface. The combustion-IRMS interface was coupled directly to the GC. The interface 
was heated to 300 oC and the combustion tube was heated to 850 oC for carbon analyses. 
The outlet of the furnace tube served as an open split connection to the IRMS. A fraction 
of the furnace outlet gas was pumped into the IRMS after passing through a water or 
water/CO2 trap, while the remainder of the combustion gases was exhausted through a 
small capillary. 
 An HP-5MS column (Agilent 19091S-433) was used in the GC. The inlet 
temperature was set to 300 oC in split mode with a split ratio of 3:1. The oven 
temperature was held at 100 oC for 1 minute and ramped to 290 oC at a rate of 15 oC/min. 
The oven temperature was held at 290 oC for 1 minute. 
RESULTS  
The δ13C value of unreacted TBP (EMD Chemical, Inc.) was -30.79±0.12‰, 
which was determined by the elemental analyzer-isotope ratio mass spectrometer (EA-
IRMS). DBP (Acros Organics) also was analyzed on the EA-IRMS and cross-referenced 
with the GCC-IRMS to determine the effects of derivatization. The EA-IRMS δ13C value 
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was -27.31±0.04 ‰, and the GC-C-IRMS δ13C value was -27.95±0.10 ‰. Therefore, the 
results indicated that derivatization did not have an effect on stable isotope fractionation 
in DBP. 
Prior to beginning the evaluation of carbon stable isotopes in TBP reacted in acid 
and base, a survey was conducted to determine the deviation in the carbon stable isotopes 
in different bottles (distinct lot numbers) of TBP. Five TBP samples were retrieved from 
the different sub-laboratories at Lawrence Livermore National Laboratory. Three were 
from Aldrich Chemical Company, Inc, and two were from Eastman Kodak Chemical 
Company. The actual inventory date of the different bottles of TBP is unknown; 
however; the electronic inventory was dated in 1996. The different bottles of TBP were 
likely aged beyond 1996 but, the actual age date cannot be confirmed. EA-IRMS analysis 
of the TBP samples showed measureable differences in the carbon stable isotope values 
(Table 7.1).    
Table 7.1 EA-IRMS Evaluation of δ13C from different TBP bottles 
Sample No. Chemical Company δ13C, ‰ ±, ‰ 
1 Aldrich Chemical Company, Inc. -29.70 0.09 
2 Aldrich Chemical Company, Inc. -26.86 0.05 
3 Aldrich Chemical Company, Inc. -26.46 0.47 
4 Eastman Kodak Chemical Company -28.61 0.05 
5 Eastman Kodak Chemical Company -30.32 0.52 
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The differences in the values presented in Table 7.1 could be due to variations in the 
synthesis of TBP. There are several methods used to manufacture TBP (Schulz et al., 
1984). It was important to perform this survey to determine the consistency in the carbon 
stable isotope values of different batches of TBP. These data were used in comparison 
with the carbon stable isotope ratios of TBP from the experiments performed in this 
work. 
Acid Hydrolysis  
The results (Figure 7.1) 
showed that the carbon isotope 
ratio in the remaining TBP
became increasingly negative
(indicating a shift to heavier 
isotopes) in conditions where 
TBP was reacted with 8 M 
HNO3 and 9 M HCl.  From 
these data, it can be predicted that the lighter carbon was more concentrated in the 
degradation products, which is expected in kinetic fractionations (Schauble, 2004). There 
was a 4.2 ‰ change from the starting TBP to the final TBP sample in the nitric acid 
experiment and an 8.3 ‰ change in the hydrochloric acid experiment. This magnitude of 
change agrees well with the theoretical calculations in Chapter 6 which predicted a 5-7 ‰ 
change in the carbon stable isotopes for reactions of TBP in 1 M HNO3, 5 HNO3, and 1 
M HCl at 70 oC. While the theoretical calculations accurately predicted the extent of 
Figure 7.1 Carbon stable isotope evaluation of TBP 
reacted at 75 oC in 8 M HNO3 and 9 M HCl. 
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fractionation, the calculations did not determine whether the shift would be heavy or 
light. The experimental data indicated that the carbon isotopic shift for TBP reactions in 
nitric acid and hydrochloric acid would be heavy. The last three samples in the nitric acid 
experiment at 11, 18, and 30 days had a carbon stable isotope value of -26 ‰ and the last 
two samples in the hydrochloric acid experiment at 1 and 4 days was -22 ‰. Further 
experiments for longer degradation times are required to determine if the carbon stable 
isotope value in these samples would continue to change over time.    
 The average carbon stable isotope values for TBP reacted with 8 M HNO3 and 9 
M HCl at room temperature for 30 days showed a ~1 per mil change (Table 7.2). See 
Table C.1 in Appendix C for the 𝛿13C values of triplicate samples. A t-Test (paired two 
sample of means) was conducted for a P-value of 0.05 in Excel to determine the level of 
significance in the difference of the carbon stable isotope values in Table 7.2. The results 
revealed that the values were significantly different showing a P-value of 0.004. 
However, a more robust sample size (>10 observations) is needed to confirm the 
statistical difference. This study conducted only 3 observations. These data and the 
preliminary data demonstrate that reaction temperature had an effect on the carbon stable 
isotope fractionation in TBP. Temperature will increase the rate of the reaction and may 
potentially also change the extent of fractionation. However, assuming comparable 
reactions will occur at lower temperatures, it can be concluded that stable isotope 
fractionation will occur at room temperature.   
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Table 7.2 𝜹13C (‰) of TBP at Room Temperature after 30 days 
Molarity/Acid 8 M HNO3 9 M HCl 
Average -30.36 -29.44 
Standard Deviation 0.08 0.17 
  
Additional experiments at lower acid molarities and lower temperatures were performed 
to determine the effects of acid concentration and temperature on the carbon stable 
isotope values in TBP. These samples were also analyzed on GC-MS to determine the 
extent of degradation. This was done by taking the ratio of the DBP:TBP signal and 
multiplying by 100 to determine the percentage of degradation. The concentrations of 
DBP were not quantified because a DBP standard was not used for this analysis. A 
previous calibration of DBP showed that the detection limit for DBP on our GC-MS is 3 
ppm. More degradation was observed for samples reacted with 4 M HCl than with 4 M 
HNO3 (Figure 7.2). The amount of DBP was below our detection limits for the samples 
taken at week 1 of the 50 oC 4 M HNO3 experiment and at week 6 of the 50 
oC 4 M HCl 
experiment. Table 7.3 shows data from the reactions of TBP with 4 M NO3 and 4 M HCl 
at variable temperatures. See Table C.2 of Appendix C for the 𝛿13C values of triplicate 
samples. These experiments were reacted at lower acid molarities and lower temperatures 
to more closely simulate PUREX conditions. Little degradation was expected to occur 
within 3 months during the 25 oC experiments, so these experiments were samples at 12 
weeks.   
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Figure 7.2 The fraction of TBP degraded by 4 M HCl and 4 M HNO3 at temperatures 
25 oC, 35 oC, and 50 oC. 
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Statistical analysis was done to determine the significance in the differences of the 
carbon stable isotope data with respect time and acid concentrations. A paired t-Test 
showed that there is significance in the differences between the 𝛿13C values in TBP in 4 
M HNO3 and 4 M HCl at 25 
oC at 12 weeks, at 35 oC for all weeks observed, and at 50 oC 
for week 1. Week 6 and 11 for the 50 oC experiment shows no statistical differences. P-
values (2 tailed) for these analyses are given in Table C.3 and Table C.4 of Appendix C.  
The Statistical Package for the Social Sciences (SPSS) version 22.0 was used to 
model the difference between the initial 𝛿13C value at week 0 (-30.79±0.12 ‰) and the 
mean 𝛿13C values for all weeks using the 35 oC data and the 50 oC data and two acids. 
Analysis was conducted where P = 0.05. A paired t-Test could not be used for this 
analysis because the initial 𝛿13C value is of 1 observation. The model uses the 𝛿13C 
values as the dependent variable and the presence of acid and time as independent 
variables. A model was produced for the 35 oC and 50 oC data, both of which suggested 
Table 7.3 Average 𝜹13C (‰) of TBP Reacted with 4 M HNO3 and 4 M HCl 
25 oC 35 oC 50 oC 
Time, week HNO3 HCl HNO3 HCl HNO3 HCl 
0 -30.79±0.12
1 -30.38±0.02 -30.07±0.14 -30.22±0.17 -30.02±0.06
5 -30.21±0.23 -29.69±0.04
6 -29.87±0.48 -30.33±0.13
11 -30.20±0.05 -29.34±0.60
12 -30.33±0.08 -29.97±0.07 -30.32±0.13 -29.31±0.05
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that the values at weeks 6 and 11 for 35 oC and weeks 5 and 12 for 50 oC for 4 M HNO3
and 4 M HCl were not significantly different from the initial 𝛿13C values at week 0 
(model data in Appendix C). Again, these models are limited due to the sample size. 
There are not enough data points to say that the samples are normally distributed which 
renders the analysis less powerful. 
For comparison with the experimental data, reaction rate constants at similar 
temperatures and acid molarities were used with the Rayleigh fractionation model 
described in Chapter 6 to predict the extent of TBP degradation and carbon stable isotope 
fractionation expected under our experimental timeframe and beyond. The rate of organic 
phase hydrolysis of TBP in 5 M HNO3 at 21 
oC, 30 oC, and 50 oC are 2.5 x 10-6 hr-1, 7.1 x 
10-6 hr-1, and 4.5 x 10-5 hr-1, respectively (Moffat et al., 1961; Kennedy et al., 1955). Rate
constants for TBP hydrolysis in HCl are scarce and inconsistent. The rate of organic 
phase hydrolysis of TBP in 4.52 M HCl and concentrated HCl at room temperature were 
determined to be 5.66 x 10-4 hr-1 and 1.79 x 10-4 hr-1, respectively, based on data collected 
by Vladimirova et al. (1988) and Kertes et al. (1961). Kertes et al. (1961) reported a rate 
of 2.1±0.2 x 10-4 hr-1 for organic phase hydrolysis of TBP in concentrated HCl via hand 
calculation. The value obtained by fitting the data of Kertes et al. (1961) in Excel is 1.79 
x 10-4 hr-1 (Figure 7.3).  
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Vladimirova et al. (1988) studied the reaction kinetics of TBP in 3.01 M HCl, 
4.52 M HCl, and 6.40 M HCl at room temperature but did not report the rate constants 
from their experimental data. When fitting their data in this work, the rates were found to 
be inconsistent upon comparing the 3.01 M HCl rate constant with the 4.52 M and 6.40 
M HCl rates (Figure 7.4). The rate constant for TBP in 3.01 M HCl was two orders of 
magnitude faster than that of TBP in 4.52 M and 6.40 M HCl which hypothetically 
should not be the case. The rate constants for TBP in 4.52 M and 6.40 M HCl were 
comparable and were used in this work to predict the extent of carbon stable isotope 
fractionations in the theoretical calculations.  
Figure 7.3 Exponential fit of TBP decomposition in concentrated HCl at 
room temperature using data from Kertes et al. (1961). 
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The rate constants for TBP in concentrated HCl and TBP in 6.40 M HCl were 
used to interpolate the rate of hydrolysis of TBP in 9 M HCl, which is 1.25 x 10-4 hr-1. 
This rate was used in the theoretical calculation to compare the extent of carbon stable 
isotope fractionation in 9 M HCl at room temperature to that of 8 M HNO3.  The rates in 
Table 7.4 were used to predict the extent of TBP fractionation from acid hydrolysis using 
theoretical calculations.  
Figure 7.4 Exponential fit of TBP decomposition in 3.01 M HCl, 4.52 M HCl, and 
6.40 M HCl at room temperature using data from Vladimirova et al. (1988). 
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Table 7.4 Rate Constants used in Theoretical Calculations 
Acid Rate constant, hr-1 Temperature, oC 
5 M HNO3 
2.50E-06 21 
7.10E-06 30 
4.50E-05 50 
8 M HNO3 4.10E-06 RT 
4.52 M HCl 4.76E-05 RT 
9 M HCl 1.25E-04 RT 
Note: RT stands for room temperature 
Details on how to perform theoretical calculations to predict carbon and oxygen 
stable isotope fractionations in TBP are given in Chapter 6. Only calculations of carbon 
stable isotope fractionations in TBP are presented in this chapter in comparison with the 
experimental results. Figure 7.5 and 7.6 shows the extent of carbon stable isotope 
fractionations in TBP exposed to 5 M HNO3 at 21 
oC, 30 oC, and 50 oC and 4.52 M HCl 
at room temperature, respectively, for 1 year. The simulations are consistent with the 
experimental data. Both indicate that sufficient time (> months) is required to observed 
sufficient degradation of TBP, which would also cause a change in the carbon stable 
isotope ratio. This is particularly true for lower temperature systems with significantly 
slower reaction kinetics.  
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Figure 7.5 Theoretical fractionations of 𝛿13C in TBP exposed to 5 M HNO3 at 21 oC, 30 
oC, and 50 oC for 1 year. 
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Figure 7.6 Theoretical fractionations of 𝛿13C in TBP exposed to 4.52 M HCl at room 
temperature for 1 year. 
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Figure 7.7 shows the theoretical carbon stable isotope predictions at room temperature 
and for 8 M HNO3 and 9 M HCl. The conditions chosen for the theoretical fractionations 
above are very close to the experimental conditions. Based on the theoretical calculations, 
there should have been at least a 2 per mil fractionation in the experimental result for 
samples reacted at 50 oC for 12 weeks. Because the rate of hydrolysis for TBP in HCl is 
faster than that of HNO3, the extent of degradation and carbon stable isotope fractionation 
under HCl conditions are higher than those predicted for HNO3. It is important to note 
that the theoretical calculations predicted the extent of fractionation and the experimental 
measurements showed the direction of the isotopic shift.  
Rate constants used above to determine the extent of TBP fractionation given the 
experimental conditions of this study were used again to compare the measured amount 
of degradation to the predicted amount of degradation. The rate constants for TBP reacted 
Figure 7.7 Theoretical fractionations of 𝛿13C in TBP exposed to 8 M HNO3 and 9 M 
HCl at room temperature for 1 year. 
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with 5 M HNO3 at 21 
oC, 30 oC and 50 oC, as well as for TBP reacted with 4.52 M HCl at 
room temperature were used to predict the amount of degradation that should have 
occurred in the experiments of this work at the final sampling times (Table 7.6).     
Table 7.6 Comparison of the Actual Degradation of TBP vs. Theoretical 
25 oC 35 oC 50 oC 
Time, weeks HNO3 HCl HNO3 HCl HNO3 HCl 
Actual 
11 
0.00074% 0.17% 
Theoretical 8% 8% 
Actual 
12 
0.00066% 0.13% 0.0063% 0.85% 
Theoretical 1% 9% 1% 9% 
The theoretical amount of degradation for the HCl experiments were much higher 
than that of the HNO3 experiment because of the discrepancies in the rate constants used. 
It is possible that the degradation rate constants of organic phase hydrolysis of TBP in 
HCl are much lower than those published in the literature that this currently available. 
Also, the actual amounts of degradation in this study were possibly higher when 
considering the effects of derivatization, which diluted the samples.  
Alkaline Hydrolysis 
For the alkaline hydrolysis system, TBP was reacted with 12.5 M NaOH for 
approximately 6 hours at 108 oC. As the concentration of TBP depleted, the carbon stable 
isotope value did not change. Figure 7.8 shows the consistency of the carbon isotope 
value during the depletion of TBP in the heat-induced reaction with 12.5 M NaOH. The 
primary vertical axis (left) is the change in concentration of TBP and the secondary 
vertical axis (right) shows the normalized carbon isotope value, which is a ratio of the 
measured valued of each sample to the initial carbon isotope value of TBP (-30.79±012 
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‰). The purpose of the dotted line midways of the graph is to demonstrate that the 
normalized carbon isotope value of TBP did not deviate > 0.06 ‰ from the initial value. 
A statistical analysis was not performed on these data because only 1 observation was 
made. TBP concentration measurements in Figure 7.8 are also reflected in Chapter 5. 
Although there was a significant amount of degradation that occurred from this 
experiment, no carbon stable isotope fractionation was observed. It is possible that, this 
process does not yield a carbon stable isotope fractionation because the degradation of 
TBP in alkaline hydrolysis is via P-O bond cleavage and not C-O bond cleavage as in 
acid hydrolysis. It is more likely that an oxygen stable isotope fractionation occurs from 
this process.  
DISCUSSION 
Figure 7.8 Normalized carbon stable isotope evaluation of TBP reacted 
with 12.5 M NaOH at 108 oC (square). Concentration measurements on 
TBP throughout reaction (diamond). 
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The lack of change in the carbon stable isotope data in the TBP samples reacted 
with nitric acid and hydrochloric acid for temperatures less than 70 oC and with 12.5 M 
sodium hydroxide, indicates that sufficient degradation had not occurred during the 
allotted time of the experiments to exhibit a fractionation in the carbon stable isotopes of 
TBP. Although degradation has occurred, the concentration of DBP was too low to be 
detected on our GCC-IRMS. It is also likely that a fraction of the DBP was lost in the 
SPE procedure. For example, if 1% degradation of TBP occurred in the samples, then 
1,000 ppm of DBP should be recovered from at 10,000 ppm TBP solution (as was 
prepared in this work). Assuming that 100% of the DBP was extracted into the 1 M 
NaOH, then 1 µl of DBP should have been present in the aqueous solution prior to SPE. 
Assuming an SPE extraction recovery of 50%, only 500 ppm or 0.5 µl of DBP would be 
retained on the resin. To allow sufficient flow for the elution step, 2 mL of heptane were 
passed through the cartridge making a 250 ppm solution of DBP. Given derivatization, 
the final concentration of DBP could be 200 ppm.  Based on the GC-MS data, the DBP 
concentration were less than 100 ppm in all TBP samples. Given these assumptions, it 
would take at least 5% degradation of TBP to have occurred in order to obtain a carbon 
stable isotope measurement. It would take at least 2 years to obtain 5% degradation of 
TBP based on the reaction rate constant for TBP in 5 M HNO3 and at least 5 weeks based 
on that of TBP in 4.52 M HCl.  
Schauble (2004) states that the lighter carbon will concentrate in the degradation 
products. The preliminary data at 75 oC showed a heavy isotopic shift so it can be 
predicted that the degradation products from those experiments exhibited a light carbon 
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stable isotope fractionation. The preliminary data also showed a 4 per mil difference 
between the carbon isotope fractionation in TBP with 8 M HNO3 and 9 M HCl. It is 
possible that the differences in the degradation of TBP in HNO3 and HCl were 
responsible for this change. Degradation of TBP as a result of acid hydrolysis occurs with 
the cleavage of the C-O bond (Blumenthal and Herbert, 1945; Moffat and Thompson, 
1961). The differences in the acid type and strength will affect the occurrence of this 
bond cleavage. Moffat and Thompson (1961) revealed that > 5 M HNO3 and > 2 M HCl 
is needed to cause C-O bond cleavage in TBP. C-O bond cleavage of TBP under these 
conditions produces butyl nitrate and butyl chloride when TBP is reacted with HNO3 and 
HCl, respectively.  
Other differences in the degradation of TBP in HNO3 and HCl is the ability for 
TBP to form an unstable hydration species (i.e. [TBP.HCl.(H2O)3]) in the organic layer as 
it reacts with concentrated, or nearly concentrated aqueous HCl (Kertes, 1961). Acid 
hydrolysis of TBP occurs in both the organic and aqueous phases. The rate of hydrolysis 
is much faster in the aqueous phase; however, nearly 100 percent of the acid-promoted 
hydrolysis occurs in the organic phase (Kennedy et al., 1953). Although TBP has a low 
solubility in aqueous acid, it is capable of extracting acid into the organic phase. During 
this extraction, TBP also extracts water during hydrolysis with HCl (Kertes et al., 1961). 
This phenomenon does not happen in TBP hydrolysis by HNO3 (Alcock et al., 1956). 
This concept of hydration between the two acid systems is believed to be the cause in the 
differing degradation rates of TBP hydrolysis. The organic phase rate constant for TBP 
reaction with 3.5 M HCl is two orders of magnitude higher than that of TBP in 3 M 
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HNO3 (Kertes et al., 1961). The difference in the degradation mechanisms of TBP in 
HNO3 and HCl may be why the TBP reacted with 9 M HCl at 75 
oC has a 4 per mil 
heavier signature than that of TBP reacted with 8 M HNO3.     
It is assumed that if a carbon stable isotope fractionation occurs in TBP during 
nuclear reprocessing, the isotopic shift would be heavy and the lighter isotope would be 
concentrated in the degradation products. In fact, all processes studied in this work 
including alkaline hydrolysis showed a heavy shift in the carbon stable isotope value. It is 
likely that these values will continue to shift over time and as degradation products build 
up in the system a heavier isotope fraction remains in the TBP. After the degradation 
products are washed out with sodium bicarbonate and fresh TBP is added, the carbon 
stable isotope ratios may shift back towards the original values. Then degradation and a 
shift to heavier isotopes in TBP will continue. This will result in a dynamic shift in the 
isotope ratio values over time (Figure 7.9). The carbon stable isotope value from the 
alkaline hydrolysis process will show a slight shift heavy until TBP is completely 
degraded. These simulations of acid and alkaline hydrolysis are shown in Figure 7.9. The 
x-axis of this figure shows the carbon stable isotope value increasing to a more positive
value assuming that the initial will be -30 to -26 per mil as found in this study from the 
TBP used in the experiments as well as the TBP survey at LLNL. The y-axis is an 
arbitrary time that is dependent on the time of the cycles in the PUREX and the Aqueous 
Chloride process and the time that washes are performed and fresh TBP is added to 
proceed with more cycles. The sharp decreases in the trends are exemplary of the TBP 
returning back or near to its original carbon stable isotope value after being washed and 
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replenished with new TBP. Because the rate of organic hydrolysis in TBP is faster for 
HCl than HNO3, the Aqueous Chloride process shows sharper increases in the 𝛿13C 
values. This may or may not be the case in a real sample but hypothetically it should be. 
The alkaline disposal process shows a slight shift heavier than the initial 𝛿13C value. This 
value is expected to shift heavy and plateau but never return to the original value because 
the TBP will be completely degraded in this process. 
CONCLUSION 
Figure 7.9 Hypothetical carbon stable isotope shifts in the PUREX, Aqueous Chloride, 
and Alkaline Disposal Processes. 
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Based on this work, there is no significant carbon stable isotope fractionation in 
TBP from acid hydrolysis. This work simulated the acid hydrolysis effects of the PUREX 
process and the Aqueous Chloride Process for Pu recovery and the alkaline hydrolysis 
effects of TBP disposal treatment process. The carbon stable isotope measurements in 
TBP reacted with 4 M HNO3 at temperatures ≤ 35 oC are comparable  to the theoretical 
work of Chapter 6 which predicts oxygen and carbon stable isotope fractionation in TBP 
as a result of acid hydrolysis. The theoretical fractionation calculations for TBP in 4 
HNO3 at 50 
oC and in HCl shows that at least a 1.5 per mil fractionation should have 
occurred in the experimental results at the final sampling points. The reaction rate of TBP 
in 5 M HNO3 at 50 
oC and TBP in 4.52 M HCl at room temperature are 4.50 x 10-5 hr-1 
and 5.66 x 10-5 hr-1, respectively, which means that the degradation in these two 
experiments should be close. That was not observed. While this work proves that the rate 
of degradation in TBP in HCl is faster than that of TBP in HNO3, there is no conclusive 
evidence that the degradation rates of TBP in this work are comparable to the published 
rates. More sampling times are needed and samples should not be derivatized to 
effectively quantify the amount of TBP degraded to confirm that the rates of degradation 
for the experiments of this work hold true to the published values. A discrepancy of this 
research is the range of the initial 𝛿13C values for TBP as seen in the LLNL survey of the 
five different TBP bottles. Although the 𝛿13C values of this work shifts heavy from the 
starting value of our TBP (-30.79±0.12 ‰), the 𝛿13C values at the final sampling time 
points are near the 𝛿13C values of the surveyed TBP. Therefore, this study is inconclusive 
as to whether this is a unique carbon signature in the nuclear reprocessing and solvent 
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disposal. It is possible that a carbon stable isotope fractionation occurs given the results 
of this study, however, insufficient degradation of TBP in the acid hydrolysis 
experiments of this work renders an inconclusive study. Therefore, it still of question as 
to whether there is a unique carbon stable isotope fractionation in TBP from nuclear 
reprocessing and solvent disposal.    
124 
CHAPTER EIGHT 
CONCLUSIONS AND FUTURE WORK 
The results of this work includes a new semi-quantitative tool to determine the 
extent of degradation of tributyl phosphate when exposed to nitric acid and sodium 
hydroxide, the application of solid phase extraction to recover TBP and DBP from 
aqueous media,  and theoretical calculations and experimental measurements of carbon 
stable isotope ratios in tributyl phosphate. This chapter will summarize the works of this 
dissertation and present recommendations for future work.  
Theoretical Calculations 
Methodology was used in this work to determine the extent of carbon and oxygen 
stable isotope fractionations in tributyl phopshate degraded in nitric acid and 
hydrochloric acid. The Rayleigh fractionation model was used to describe the kinetic 
isotope effects of TBP degradation. Published rate constants of TBP degradation in nitric 
acid and hydrochloric acid were used to determine the depleted fraction of the compound 
and published vibrational modes of TBP were used to determine the inverse kinetic 
isotope effect, known as the fractionation factor. Equilibrium isotope effects of TBP have 
been described in this work but were considered negligible because the time of isotopic 
equilibrium for stable isotopes in TBP and its degradation products was predicted as 
miniscule. The hydrolytic degradation of TBP in nuclear reprocessing is a kinetically 
driven process. Based on the theoretical calculations of this work, it was estimated that a 
5-7‰ carbon fractionation will occur when TBP is exposed to ≤5 M nitric or 1M
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hydrochloric acid for a 30 day period. The oxygen isotopes in TBP in the C-O and P-O 
bonds will impose a 5-7‰ and a 7-11‰ fractionation, respectively. 
FTIR-ATR Peak Intensity Ratio Technique 
The FTIR-ATR was used in this work to depict the degradation of tributyl 
phosphate via changes in peak intensity, peak wavenumber, and peak position. TBP and 
its degradation products have different spectra with changes in peak intensity and 
wavenumber. The peaks which primarily correspond to phosphorus–oxygen–carbon 
vibrational modes were used in this work. As TBP was degraded, these modes showed 
the most overall change and thus can be used for the development of a semi-quantitative 
FTIR-ATR technique that will predict the extent of TBP degradation. By evaluating the 
vibrational modes of characteristic bonds for each molecule, a technique was developed 
by calculating ratios of different peak intensities to estimate the extent of TBP 
degradation with respect to the percentage of degradation products produced in the 
sample or TBP remaining in the sample. A linear regression model was developed for the 
calculated ratios and the percentage of degradation products produced or TBP remaining. 
To use this technique, a sample of used TBP should be measured on the FTIR-ATR and 
the intensities of the peaks should be used in ratios for the acid or alkaline system. Once 
the ratio is determined, this value can be used in the linear regression model (for that 
ratio) to determine the amount of degradation products produced or the amount of TBP 
remaining in the sample.  Gas chromatography has been used to quantity TBP 
degradation and the ingrowth of degradation products. This FTIR-ATR technique has not 
been found in the literature and its publication provides insight on how to estimate the 
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degradation of TBP in a rapid manner. The FTIR-ATR peak intensity ratio technique in 
this work gives a semi-quantitative prediction of the amount of DBP, MBP, and/or 
butanol produced in a TBP sample that has reacted with nitric acid and sodium 
hydroxide. The purpose of this technique is to provide a semi-quantitative and rapid 
analysis method for TBP to determine the amount of degradation from the effects of acid 
and alkaline hydrolysis. 
Solid Phase Extraction 
Solid phase extraction was a critical part of this research. TBP and its degradation 
products are soluble in aqueous media. The alkaline hydrolysis study of Chapter 5 used 
SPE to extract TBP and DBP from sodium hydroxide. DBP will complex with sodium to 
form NaDBP which is soluble in the aqueous phase. SPE was necessary in the alkaline 
hydrolysis study to account for the amount of DBP produced from TBP degradation with 
sodium hydroxide. Also, in Chapter 5 the SPE recoveries were determined for TBP and 
DBP in 1 M sodium nitrate, water, and 1 M nitric acid to effectively quantify the amount 
of TBP and DBP extracted from the alkaline hydrolysis experiment. SPE was also used in 
Chapter 7 in order to separate TBP from DBP to obtain carbon stable isotope values for 
DBP. The concentration of DBP was too low to obtain carbon stable isotope data.  
Carbon Stable Isotopes of TBP 
Carbon stable isotopes were used in this work to characterize TBP that had been 
reacted with nitric acid, hydrochloric acid, and sodium hydroxide. As a result of the 
experiments conducted here with temperatures less than 50 oC, no conclusion can be 
drawn in reference to the carbon stable isotope fractionation that may possibly occur in 
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TBP in nuclear reprocessing and solvent disposal as a result of acid and alkaline 
hydrolysis. Degradation of TBP occurred during the experiments described in this work; 
therefore, a carbon stable isotope fractionation could have occurred but it was not 
measureable on our GCC-IRMS instrument. Preliminary experiments using 8 HNO3 and 
9 M HCl at 75 oC showed up to an 8.3 per mil fractionation in the carbon stable isotopes 
of TBP; however, the elevated temperature and acid molarity in these experiments were 
not exemplary of nuclear reprocessing. The degradation of TBP in NaOH hydrolysis 
experiments was near completion; however, the carbon stable isotope measurements only 
slightly deviated from the original values. The 𝛿13C values of TBP from hydrolysis in 
nitric acid, hydrochloric acid, and sodium hydroxide exhibited a heavy shift from the 
original value so this study can conclude the direction of the carbon stable isotope shift in 
TBP as a result of the PUREX, Aqueous Chloride, and alkaline solvent disposal 
processes.     
FUTURE WORK RECOMMENDATIONS 
There are several reasons to continue this research. TBP is an industrial chemical 
with a wide variety of uses. Hence, there are multiple avenues to which TBP could be 
introduced into the environment. Future work should study environmental, industrial, and 
radiological impacts on TBP. Future work should also determine the oxygen and 
hydrogen stable isotope fractionations in TBP for each condition. Environmental studies 
of TBP should include extracting TBP from soils, leachate, and wells to determine the 
effects that these settings have on the stable isotopes in TBP. The industrial uses of TBP 
should be examined to determine how industrial processes fractionate the stable isotopes 
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in TBP. Radiological impacts on TBP will also give insight to the signatures associated 
with nuclear reprocessing. 
TBP may be manufactured via several mechanisms (Schulz et al., 1984). The 
synthesis pathways of TBP should also be characterized using stable isotopes to give 
further understanding of the consistency of the initial signature of TBP. It would also be 
of interest to analyze stable isotope signatures throughout each fabrication process to 
determine how the process effects the signature. 
Furthermore, additional work must be done in obtaining TBP signatures that 
represent nuclear reprocessing. A diluent was not used in the present work. Future studies 
should incorporate a diluent and also determine the stable isotope fractionations in the 
diluent as a result of reprocessing simulations.  These recommendations for future work 
are needed to determine if there is a unique stable isotope signature in TBP during 
nuclear reprocessing. 
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APPENDICES 
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Appendix A 
Supporting Information for Chapter Two 
Figure A.1: The Savannah River Plant PUREX Process. 
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Figure A.2: The Aqueous Chloride Process. 
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Appendix B 
Supporting Information for Chapter Five 
DIAZOMETHANE PREPARATION  
Dibutyl phosphate cannot be detected with gas chromatography without 
derivatization. Derivatization of DBP replaces the proton on the –OH group with a 
methyl group causing DBP to become dibutyl methyl phosphate7. The methylating agent 
common for DBP is diazomethane. The inner tube was filled with 0.3086 grams of 
diazald and the outer tube was filled with 4.5 mL of MtBE. The inner tube was placed in 
the outer tube using the rubber o-ring and metal clamp to seal the two parts. One and a 
half mL of MtBE and 1.5 mL of carbitol was slowly added to the inner tube with careful 
note to avoid the hole in the tube. Two and one quarter mL of 45% wt potassium 
hydroxide was added slowly to the inner tube and the tube was capped shut. The 
diazomethane generator was hand swiveled every 15 minutes for one hour then the 
diazomethane, which was generated in the outer tube, was harvested.  
Approximately 200 microliter of diazomethane was added to every DBP standard 
and all samples from the TBP alkaline hydrolysis experiment prepared for GC analysis. 
After the addition of diazomethane, the standards and samples were placed in the freezer 
for 15 minutes then on the bench for 15 minutes. One tenth of a gram of silica gel was 
added to the standards and samples to quench the reaction then GC analysis could take 
place.  
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Table B.1 Peak intensities from TBP alkaline hydrolysis experiment 
Peaks of interest, cm-1 Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 
735 75.7 75.0 74.8 74.1 70.2 
808 74.4 73.8 73.5 73.5 70.2 
909 65.2 64.7 64.6 69.7 75.1 
957 55.5 55.2 55.2 62.3 73.9 
978 30.1 29.9 30.9 38.5 58.5 
1058 61.7 61.2 60.9 57.5 48.2 
1150 89.7 89.3 89.0 89.1 87.8 
1234 85.1 84.8 83.3 73.9 68.6 
1261 66.3 66.1 67.2 72.2 86.6 
1279 65.9 65.4 67.1 76.9 93.2 
Figure B.1 FTIR-ATR spectra of TBP and butanol mixtures saturated with 12.5 M NaOH. 
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Table B.2 Peak intensity ratios from TBP alkaline hydrolysis experiment 
Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 
Ratio 1 0.00603 0.00610 0.00615 0.00674 0.00893 
Ratio 2 0.0135 0.0135 0.0134 0.0130 0.0110 
Ratio 3 0.0289 0.0292 0.0290 0.027 0.0229 
Ratio 4 0.00509 0.00512 0.00517 0.00561 0.00715 
Ratio 5 0.00600 0.00604 0.00614 0.00718 0.00961 
Ratio 6 0.0127 0.0127 0.0125 0.0115 0.00923 
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Appendix C 
Supporting Information for Chapter Seven 
Table C.1 δ13C of TBP Reacted with 8M HNO3 and 9M HCl 
HNO3 δ13C HCl δ13C 
30 days-1 -30.45 30 days-1 -29.47
30 days-2 -30.36 30 days-2 -29.26
30 days-3 -30.28 30 days-3 -29.58
Average -30.36 Average -29.44
Standard Deviation 0.08 Standard Deviation 0.17 
Table C.2 δ13C for TBP Reacted with 4 M HNO3 and 4 M HCl 
HNO3 HCl 
25 OC 
Week 12-1 -30.30 Week 12-1 -30.04
Week 12-2 -30.42 Week 12-2 -29.93
Week 12-3 -30.26 Week 12-3 -29.93
Average -30.33 Average -29.97
Standard Deviation 0.08 Standard Deviation 0.07 
35 OC 
Week 1-1 -30.38 Week 1-1 -29.97
Week 1-2 -30.39 Week 1-2 n/a 
Week 1-3 -30.36 Week 1-3 -30.17
Average -30.38 Average -30.07
Standard Deviation 0.02 Standard Deviation 0.14 
Week 5-1 -29.94 Week 5-1 -29.66
Week 5-2 -30.33 Week 5-2 -29.68
Week 5-3 -30.35 Week 5-3 -29.74
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Average -30.21 Average -29.69
Standard Deviation 0.23 Standard Deviation 0.04 
Week 12-1 -30.47 Week 12-1 -29.33
Week 12-2 -30.27 Week 12-2 -29.25
Week 12-3 -30.24 Week 12-3 -29.35
Average -30.32 Average -29.31
Standard Deviation 0.13 Standard Deviation 0.05 
50 OC 
Week 1-1 -30.03 Week 1-1 -30.08
Week 1-2 -30.35 Week 1-2 -30.00
Week 1-3 -30.28 Week 1-3 -29.96
Average -30.22 Average -30.02
Standard Deviation 0.17 Standard Deviation 0.06 
Week 6-1 -29.52 Week 6-1 -30.18
Week 6-2 -29.67 Week 6-2 -30.44
Week 6-3 -30.42 Week 6-3 -30.37
Average -29.87 Average -30.33
Standard Deviation 0.48 Standard Deviation 0.13 
Week 11-1 -30.16 Week 11-1 -30.02
Week 11-2 -30.24 Week 11-2 -29.13
Week 11-3 n/a Week 11-3 -28.88
Average -30.20 Average -29.34
Standard Deviation 0.05 Standard Deviation 0.60 
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Table C.3 P-values of δ13C from Week to Week 
 Temperature 
Week 25 oC 35 oC 50 oC 
1 0.05431 0.011202 
5 0.00597 
6 0.167614 
11 0.182334 
12 0.002352 0.001342 
Model 1 – Comparison of the initial 𝜹13C to that of TBP in HNO3 at 35 degrees 
Celsius after 12 weeks 
Between-Subjects Factors 
N 
HNO3 .00 1 
1.00 3 
Tests of Between-Subjects Effects 
Dependent Variable:   d13C  
Source Sum of Squares df Mean Square F P-value
Model .178a 2 .089 6.238 .272 
Intercept 1951.246 1 1951.246 136599.686 .002 
Week  .001 1 .001 .041 .873 
HNO3 .115 1 .115 8.021 .216 
Error .014 1 .014 
Total .193 3 
a. R Squared = .926 (Adjusted R Squared = .777)
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Model 2 - Comparison of the initial 𝜹13C to that of TBP in HCI at 35 degrees Celsius 
after 12 weeks 
Between-Subjects Factors 
N 
HCI 0 1 
1 3 
Tests of Between-Subjects Effects 
Dependent Variable:   d13C  
Source Sum of Squares df Mean Square F P-value
Model 1.189a 2 .595 85.108 .076 
Intercept 1936.764 1 1936.764 277191.498 .001 
Weeks .282 1 .282 40.333 .099 
HCI .253 1 .253 36.169 .105 
Error .007 1 .007 
Total 1.196 3 
a. R Squared = .994 (Adjusted R Squared = .982)
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Model 3 - Comparison of the initial 𝜹13C to that of TBP in HNO3 at 50 degrees after 
11 weeks 
Between-Subjects Factors 
N 
HNO3 0 1 
1 3 
Tests of Between-Subjects Effects 
Dependent Variable:   d13C  
Source Sum of Squares df Mean Square F P-value
Model .361a 2 .180 2.340 .420 
Intercept 1806.160 1 1806.160 23436.326 .004 
Weeks .000 1 .000 .003 .968 
HNO3 .226 1 .226 2.934 .336 
Error .077 1 .077 
Total .438 3 
a. R Squared = .824 (Adjusted R Squared = .472)
Model 4 - Comparison of the initial 𝜹13C to that of TBP in HCI at 50 degrees after 
11 weeks 
Between-Subjects Factors 
N 
HCI 0 1 
1 3 
Tests of Between-Subjects Effects 
Dependent Variable:   d13C  
Source Sum of Squares df Mean Square F P-value
Model .830a 2 .415 1.473 .503 
Intercept 1817.804 1 1817.804 6453.743 .008 
Week .231 1 .231 .821 .531 
HCI .115 1 .115 .407 .638 
Error .282 1 .282 
Total 1.111 3 
a. R Squared = .747 (Adjusted R Squared = .240)
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